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Preface

Thorium is one of the most precious nuclear fuels available in nature, more
abundant than uranium which is employed currently for electricity production in
nuclear reactors. Calculations have revealed that thorium fuel has the potential to
provide energy to the world for centuries if used in a closed fuel cycle. Considering
this, the technologies for thorium utilization for power generation in nuclear
reactors are being developed worldwide.

The book on Thorium—Energy for the Future contains selected articles from the
deliberations of distinguished scientists, engineers, and academicians who made
significant contribution to the field of thorium utilization in the recently concluded
International Thorium Energy Conference (ThEC15) held in Mumbai during
October 12–15, 2015. ThEC15 was the fifth conference in the series of conferences
hosted by the International Thorium Energy Organization (IThEO). Previously,
IThEO organized ThEC10 at the Royal Institution of Great Britain, London, in the
year 2010. ThEC11 was organized in collaboration with the Brookhaven National
Laboratory, USA, at the City College of New York, New York, in the year 2011.
ThEC12 was organized in collaboration with the Shanghai Institute of Applied
Physics (SINAP), Shanghai, and Chinese Academy of Sciences in the year 2012.
ThEC13 was organized in collaboration with CERN, Geneva, in the year 2013.
ThEC15 was jointly hosted by BARC, the leader in the Indian thorium energy
program; NPCIL which is involved in commercial nuclear power generation in
India; and HBNI, a deemed university dedicated to research and development in the
frontier areas of nuclear science and technology in association with IThEO.

This book discusses research results on various facets of thorium energy right
from exploration and mining, thermo-physical and chemical properties of fuels,
reactor physics, challenges in fuel fabrication, thorium fuel cycle, thermal
hydraulics and safety, material challenges, irradiation experiences, to design of
advanced thorium-fueled reactors. It also describes new developments, innovations,
and philosophies on thorium technology as fuel for tomorrow’s nuclear power
reactors.
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Since there is a strong thrust globally to design nuclear reactors with
thorium-based fuel, the book shall be of particular interest to nuclear scientists,
reactor designers, regulators, academicians, and students worldwide.

Mumbai, India A. K. Nayak
Stockholm, Sweden Bal Raj Sehgal
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Harnessing Thorium for Clean Energy
Future: Challenges Ahead

Anil Kakodkar

Abstract Resolution of conflict between growing energy needs and threat of climate
change necessitates a rapid transition to non-fossil energy sources of which nuclear
energy is an essential key component. For a country like India which is endowed
with abundant Thorium resources and only modest Uranium resources, harness-
ing Thorium for her energy needs has been a key development objective. Even for
other countries, Thorium presents an attractive nuclear energy alternative that has the
advantage of greater safety and larger resource base as well as higher proliferation
resistance. While the optimised solution for harnessing Thorium over the long term
could take time, there are opportunities to get started with Thorium almost immedi-
ately using established nuclear power reactor technologies and address some of the
barriers to growth of nuclear energy utilising the advantages that Thorium can offer.
This would also enable scaling up our experience with Thorium and facilitate tran-
sition from Uranium to Thorium at the contemporary scale of operation whenever
such a change is contemplated.

1 Introduction

“International Energy Outlook 2013” has projected the growth of world energy con-
sumption from 524 quadrillion BTUs to 820 quadrillion BTUs between the years
2010 and 2040. This represents a rise of around 54%.Most of this growth is expected
to take place in non-OECD countries. During the same period, the relative share of
non-fossil (renewable + nuclear) energy was assessed to be increasing from 16.5 to

+ Even after the historic agreement at Paris in December 2015 and INDCs announced by all
countries, the target of limiting global temperature rise to within 2 °C above preindustrial level is
still eluding us.
Presentation at International Thorium Energy Conference—2015 (ThEC 2015), Mumbai, 12–15
October 2015.

A. Kakodkar (B)
INAE Satish Dhawan Chair of Engineering Eminence, BARC, Mumbai, India
e-mail: kakodkaranil@gmail.com

© Springer Nature Singapore Pte Ltd. 2019
A. K. Nayak and B. R. Sehgal (eds.), Thorium—Energy for the Future,
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21.4% only. This would correspond to an increase in CO2 emission by around 40%+.
It is thus clear that deployment of nuclear energy would need to be accelerated, both
in terms of non-fossil energy source in the grid as well as to have a reasonable share
of base load generation using non-fossil energy. The reality is, however, different.
Nuclear power generation capacity is growing but rather slowly. This is because of
the barriers that exist in smoother deployment of new nuclear power. Thorium has
a number of features that can soften some of these barriers and facilitate growth of
nuclear power. We also need to recognise that globally, Thorium is 3 to 4 times more
abundant as compared to Uranium.

As far as India is concerned, as against a minimum annual per capita energy use
of around 2500 kgoe that would be necessary to support a high human development
index similar to what obtains in advanced countries, the current level of energy
use is just about a fourth. Thus, our current energy use of 0.82 Btoe would need
to go up to a level of around 4.125 Btoe, taking into account likely increase in
population. India’s total primary (coal, oil and gas) energy resource is estimated at
around 361.8 Btoe. In reality the actual mineable resource might be much less. There
is thus a significant energy sustainability issue over and above the threat of climate
change that is involved as far as the use of fossil energy available on Indian land
mass is concerned. Burgeoning energy import bill particularly in the context of oil
and gas is already a matter of serious worry that is expected to become worse in
years to come. Clearly this demands serious efforts to shift India’s energy basket to
domestic non-fossil energy. Luckily, the only two energy resources that are available
on Indian land mass and would be sufficient to sustainably meet India’s long-term
energy demands are Solar and Thorium. All other resources, though very important
in the short run, would be far from being adequate in the long run. Use of both Solar
and Thorium for energy production does not lead to any significant CO2 emissions.
Further Solar and Thorium are complimentary energy resources—intermittent versus
base load generation, diffused versus concentrated energy source, etc., suggesting
that both would be needed.

2 Going Forward

Thorium as it occurs in nature does not have any fissile component. To start energy
production from Thorium therefore, one needs to use other available fissile materials
or neutron irradiation platforms. Further, the scale atwhichThoriumutilisation can be
pursued for energy production, pretty much depends on the prior inventory of fissile
materials or capacity of irradiation platforms for conversion of Thorium. Thorium,
while its utilisation can be designed to be in self-sustaining mode, would not support
very significant growth through breeding by itself. This has been the basis of India’s
sequential three-stage nuclear power programme where large-scale utilisation of
Thorium, even with modest availability of Uranium, has been the long-term core
objective from day one. Development of technologies related to Thorium utilisation
has thus been steadily pursued in India hand in hand with the development of the first
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two stages involving thermal and fast breeder reactors, respectively. For the world,
at large however, the scarcity of Uranium is not yet in sight and significant nuclear
reactor capacity exists already. Availability of Uranium or the capacity of platforms
for irradiation of Thorium is thus not a constraint. There is thus an opportunity to start
utilising Thorium immediately provided the advantages of doing so can be clearly
seen.

According to WNA data, there are some 440 nuclear power reactors operating in
31 countries with a combined capacity of over 385 GWe. Over 60 power reactors
corresponding to around 15% additional capacity are currently being constructed
in 13 countries. Further, over 160 power reactors with a total net capacity of some
182 GWe (close to half the present capacity) are planned, and over 300 more are
proposed.

Clearly, the projected growth of nuclear generation capacity is way short of the
need for non-fossil capacity addition to contain global warming. At this stage, we
need to recognise that growth of additional capacity is expected primarily in coun-
tries like China, India, Korea, Russia and USA. Also, there are a number of poten-
tially emerging nuclear countries which need additional power generation capacity
to support their economic growth. Option of nuclear power is under their active con-
sideration. Experience so far suggests that the interest of emerging nuclear countries
does not fully translate into actual deployment perhaps as a result of their perceived
concerns. Their concerns primarily relate to (1) unmanageable liability that can arise
out of large-scale displacement in the event of a major nuclear accident, (2) safety,
security and waste disposal issues over short and long terms related to spent fuel
management, (3) concerns over potential for diversion of fissile materials for malev-
olent purposes, (4) large capital investments necessary with large-size nuclear plants
available on the market and (5) competitive unit energy cost.

Satisfactory resolution of these issues would go a long way in facilitating a faster
growth of nuclear power worldwide. Thorium can indeed play an important role
here in softening the barriers to nuclear power deployment [1]. Further, Thorium
presents a much larger clean non-fossil energy potential available for large-scale
power generation in conjunction with large accumulation of fissile inventory in sev-
eral countries. This at the same time also alleviates concerns related to such an
accumulation through its safe and secure elimination. We will discuss these aspects
in subsequent paragraphs.
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3 Thorium, an Efficient Fertile Host

In early stages of nuclear technology development, burn up realisable in water reac-
tors was quite limited. Under such conditions, use of Thorium as fertile material in
fuels meant the need for additional fissile material, since the benefit of in situ bred
233U was not sufficient enough to compensate for the heavy absorption of neutrons
in Thorium. Efficiency of fissile material use under such conditions was thus lower
as compared to standard Uranium fuel, and there was no incentive to use Thorium as
fertile host. With the improvements in nuclear fuel technology, things have changed.
Today burn up in excess of 60,000 MWd/t is quite common in water reactors. At
this level of burn up, a much larger share of energy can be obtained from fission
of 233U bred in situ, leveraging efficient conversion of fertile to fissile material in
Thorium. Thus, in contrast to earlier times, today the fissile material use efficiency
with 232Th as fertile host is comparable with 238U. While this is generally true with
all reactor types, Heavy Water Reactors, known for their superior neutron economy,
in fact deliver better fissile material use efficiency with Thorium as fertile host. There
is thus incentive for use of Thorium in current-generation water reactors to derive
benefits without any significant compromise on energy output from a given quantity
of available fissile material (235U).

4 Softening Barriers to Nuclear Power Deployment
Leveraging Special Features of Thorium

Accidents like Chernobyl and Fukushima have underscored the need to minimise the
impact of a severe accident in public domain. This is basically a matter of reactor
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design that ensures absence of core heat up even under conditions of multiple equip-
ment failures. However, use of Thorium enables appropriate reactor core behaviour
to facilitate such a performance. Indian Advanced Heavy Water Reactor is an exam-
ple of how this can be achieved [2]. This reactor is an innovative configuration using
present-day technologies and grossly reduces impact in public domain and offers far
better resistance to insider/outsider malevolent acts. Design and development of this
reactor is more or less complete and is ready for taking up construction. The front
end as well as the back end of fuel cycle of AHWR 300 LEU version of this reac-
tor fuelled by LEU + Thorium oxide fuel also offers a high degree of proliferation
resistance. The design that has been presently worked out is for a 300 MWe capacity
and is well suited to needs of smaller countries as also for countries where there are
needs for marginal capacity addition.
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Significant reduction of proliferation risk can be realised with deployment of
Thorium as fertile part of the fuel even in present-day designs of water reactors that
are currently in use. This gain is maximum in PHWRs. It is interesting to note that
Indian PHWRs are available in a range of capacities (220–700MWe) to suit needs of
individual countries with favourable economics as compared to other reactor designs
in spite of the economy of scale. Adjustments in design would be necessary in fuel
to cope with higher burn up and in reactivity control system in view of altered
reactivity picture. This thus presents an interesting opportunity to smoothen one of
the important barriers to large-scale deployment of nuclear energy in newly emerging
nuclear countries.

Reduction in proliferation risk with adoption of Thorium 
in current design of water reactors Figure

: Courtesy colleagues in RDDG, BARC

Closing of the fuel cycle is necessary for realisation of fuller energy potential
energy available in Uranium and Thorium. It is this possibility that enables nuclear
energy to offer a sustainable clean energy solution for the world at large. However,
fear of diversion of separated fissilematerials has resulted inmany countries adopting
open once through fuel cycle. Permanent disposal of used fuel coming out of nuclear
reactors that have adopted once through fuel cycle has remained an unresolved issue,
and it is likely to remain so. In contrast, the recycle option, while paving the way
for consuming the fissile materials and produce additional energy, does leave some
fear of possibility of diversion of fissile materials for malevolent purposes. Recycle
option with Thorium, however, considerably reduces these fears because of inherent
non-proliferation characteristics that get introduced in fissile materials in a Thorium-
based fuel cycle.

Even if a country decides against recycle for the time being, Thorium-bearing
spent fuel offers several advantages by way of greater stability and better thermo-
physical and chemical properties besides comparable or better Uranium utilisation
as brought out earlier. At a later date, the country could decide on differed recycle
strategy. Either way the Thorium option enables a regime that is more secure from
the risk of unanticipated diversion.
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5 Way Ahead

The need to cut down on carbon dioxide emission is becoming more urgent every
passing day. The historic Paris agreement which brought about all countries of the
world together to declare their respective INDCs is still short of limiting global tem-
perature rise to below the target of 2 °C above the preindustrial levels. There is thus
a need to further accelerate deployment of non-fossil energy. That inevitably means
that nuclear energy must go hand in hand with Solar energy to maintain a balance in
terms of base load generation. While there is a realisation about the importance of
urgent growth of nuclear power, apprehensions remain. As explained earlier, Tho-
rium can play an important role here. Strategies for harnessing Thorium for our clean
energy future can thus be seen evolving in phases. In the short term, Thorium can be
used in most of present-day thermal reactor systems by incorporating it as the fertile
part of fuel in place of 238U with fissile part coming in the form of LEU with maxi-
mum permissible concentration (~20%). Fuel designwould need to be rechecked and
modified if necessary to sustain the highest possible burn up. Likewise, the reactivity
control elements and refuelling pattern would need to be revised to remain within
the permissible operational and safety limits. Clearly these changes are marginal
but would allow considerable softening of barriers to deployment of nuclear energy
particularly in the context of proliferation concerns. In the medium term, one could
innovatively reconfigure reactors using Thorium based on present-day technologies
to derive further advantage to minimise the impact in public domain in case of an
unlikely accident as well as to enhance inherent security strength against external or
internal malevolent acts. As mentioned earlier, AHWR 300—LEU is a good exam-
ple of this strategy. In the longer term, one could see reactors designed specifically
to exploit full potential of Thorium. These would need significant new technolo-
gies to be developed such as Molten Salt Reactors, High-Temperature Reactors and
Accelerator-Driven Subcritical Reactor System. Such phased Thorium deployment
strategy should enable enhanced deployment of nuclear energy in the nearer term
averting the climate change threat and greater level of Thorium Utilisation in the
longer term leading to greater sustainability with nuclear energy solution.
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6 Closing Remarks

Despite awareness about impact of CO2 emissions, imperatives of economy and
development are leading to growth in fossil energy use and issues of sustainabil-
ity. India is pursuing a three-stage nuclear power programme designed to achieve a
large share of nuclear energy in the overall long-term energy mix leveraging her vast
Thorium resources. While this sequential nuclear energy development programme is
inevitable in Indian context and has its own time frame for deployment of Thorium
on a large scale, there are also opportunities for deployment of Thorium with current
thermal reactor systems in the shorter term with a view to soften barriers to deploy-
ment of nuclear power and address the global challenge posed by climate change
threat. Indian experience with PHWRs and AHWR can be of advantage to world at
large in this context.
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Nuclear Power from Thorium: Some
Frequently Asked Questions

Srikumar Banerjee and Hari Prakash Gupta

Abstract From the inception of the nuclear power programme, the role thorium
will play in sustaining supply of clean, safe and affordable nuclear energy for several
centuries to come is being deliberated. The question is often raised why no commer-
cial energy production unit utilising thorium has become operational till today. The
present paper will essentially address this issue using a rather simplified language.
The advantages offered by the Th-U233 fuel cycle in reducing the radioactive waste
burden of the spent fuel and making it proliferation resistant are well known. In
spite of these advantages, the absence of any fissile nuclide in the natural thorium
makes it essential first to convert thorium into U233 by transmutation, and then, to
utilise the latter as a fuel. It is for this reason thorium has all along remained as
the nuclear fuel for the “future”. A fairly steady value of η (above 2) of U233 in a
wide range of neutron energy spectrum makes it usable in different types of nuclear
reactors—thermal, epithermal and fast. It is argued here that utilisation of thorium
for energy production can be initiated without much delay using essential technolo-
gies available today provided a sufficient inventory of fissile material as a driver fuel
is made available. However, some challenging technological tasks such as remote
fabrication of U233-based fuel and industrial scale reprocessing of the corresponding
spent fuel need to be addressed for operating a sustainable Th-U233 fuel cycle.

1 Introduction

During early nineteen fifties, when commercial exploitation of nuclear energy was at
the inception stage there was a widespread expectation that it can provide clean and
affordable energy for the whole world for many centuries to come. This expectation
was based on commercially exploitable minable resources of uranium and thorium.
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Right at that time, it was clear that the total inventory of the fissile isotope U235

available in the uranium mines in the world is not adequate to sustain production
of nuclear energy for more than a few centuries. The use of fertile isotopes for
conversion into fissile was therefore contemplated. After nearly seventy years from
that time, when about 11% of total electricity generation in the world come from
nuclear, there is hardly any commercial energy production utilising thorium. The
question that comes in the minds of common people is that why such a potential
energy resource is not being exploited so far. In this article, authors would like to
address the following questions to trace the real issues which came in the way of any
significant utilisation of thorium for energy production.

• How large is the thorium reserve in the world?
• Is thorium a nuclear fuel?
• Are there any fundamental advantages in the thorium fuel cycle?
• Has power production from thorium reactors been demonstrated? What are previ-
ous experiences in generating energy from thorium?

• Are there any technological problems associated with thorium fuel cycle?
• Why the fuel cycle is considered proliferation resistant?
• Does thorium fuel cycle offer any solution to the long-lived radioactive waste?
• Is closed fuel cycle essential for thorium utilisation?
• What are different options for use of thorium?
• Does the option vary with different scenarios prevailing in different countries?
• What is the role of Accelerator-Driven Subcritical System (ADSS) in using tho-
rium?

• Nuclear power from thorium is being talked about for over sixty years. Why is it
taking so long to exploit it on a commercial scale?

An attempt is made here to address these questions in a simple language for a wider
dissemination.

2 How Large Is the Thorium Reserve in the World?

Thorium was discovered in 1829 by a Norwegian mineralogist and identified by
Swedish chemist who named it as THOR. Thorium has the atomic number 90. The
natural abundance of Th232 (half-life ~ 1.4× 1010 years) in natural thorium is 99.98%.
The decay chain of thorium starts from Th232 and ends at the stable Pb208. Uniform
distribution of thorium and its abundance (3–4 times that of uranium) make it attrac-
tive for long-term energy supply. Thorium is found in rocks and soil. Monazite is
the most important source of thorium. There are many estimates [1–3] of the rea-
sonably assured resources (RAR) of thorium in the world varying between 1.17 [1]
and 1.4 [1] Million Tonnes while the identified thorium resources are at least 6.35
Million Tonnes [2]. Countries such as USA, Canada, Brazil, India and South Africa
have large deposits of thorium. However, according to a recent estimate (October
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2016), deposits of about 1.07 Million Tonne [4] ThO2 are established in 11.935 Mil-
lion Tonne [4] of monazite (containing 9–10% ThO2) [4] within India. This value
is much larger than that reported in earlier estimates [1–3]. The monazite mineral
is available in the sand of western and eastern coastline in India and is, therefore,
relatively easy to mine.

3 Is Thorium a Nuclear Fuel?

Natural thorium (Th232) does not have any fissile nuclide. It is a fertile material which
undergoes fission only with high energy neutrons (> ~1 meV) and cannot have self-
sustaining fission chain reaction on its own. To use thorium in a nuclear reactor, it is
necessary to first convert Th232 into a fissile nuclide, U233 which can then be used as
a fuel. The concept of converting fertile nuclides into fissile was conceived way back
in the 1950s using neutrons from fission, fusion or spallation. Neutrons produced
in nuclear reactors more than that required for sustaining chain reaction are utilised
for conversion of Th232 to U233 which is fissionable with neutrons of a wide energy
spectrum. Energy production from thorium in a nuclear reactor, therefore, requires
the use of a driver fuel such as U235 or Pu239 till a certain quantity of U233 nuclides is
accumulated through transmutation processes. Nuclear reactions in the radioactive
chains that produce fissile materials such as U233 and Pu239 from Th232 and U238,
respectively, are shown in Fig. 1.

The Th-U233 fuel cycle once operationalised will not only provide energy for
several centuries but also has the potential for annihilation of most of the long-lived

Fig. 1 Nuclear reactions for conversion from fertile to fissile material (Ref. [16], Curtsey Current
Science Journal)
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radioactive isotopes in the spent fuel. A long transition phase is required to produce
a sufficient U233 inventory in existing or new design reactors to make the stand-alone
Th-U233 fuel cycle operational.

4 Is There Any Fundamental Advantage in Thorium Fuel
Cycle?

The thermal neutron (2200 m/s) capture cross sections [5–7] of U233, U235 and Pu239,
respectively, are 46, 101 and 271 barns, while their fission cross sections [5–7] are
525, 577 and 742 barns. It can be observed from here that while the value of fission
cross section of U233 is nearly same to that of U235, and Pu239, the capture cross
section of U233 is much smaller than that of U235 and Pu239. The lower probability
of non-fissile capture makes multiple recycling of U233 more attractive compared
to that of plutonium isotopes. The number of neutrons emitted per thermal neutron
absorbed, denoted by η, averaged over thermal neutron spectrum are 2.29, 2.08 and
2.12, forU233,U235 andPu239, respectively,whileη values for these nuclides averaged
over fast neutron spectrum are 2.31, 1.93 and 2.49, respectively. The variation of η

with neutron energy is shown in Fig. 2. From the consideration of higher η value
which leads to a higher breeding gain, Pu239 is undoubtedly a better fuel in the
fast neutron spectrum. Whereas breeding with a smaller breeding gain is possible
with U233 in a wide neutron energy spectrum. The breeding gain of U233 is highest
among all fissile nuclides in the thermal and epithermal energies as can be seen from
Fig. 2. The thermal capture cross sections of Th232 and U238 are 7.4 and 2.73 barns,
respectively. Thermal reactors where Th232 is used as fertile material will require
larger fissile inventory for achieving criticality compared to those in which U238 is
the fertile material. However, the reactors using Th232 as fertile material will also
produce larger amount of U233 compared to Pu239 produced in the thermal reactors
using U238 as fertile material. The loss of neutrons in a nuclear reactor due to capture
in structural material is low in relative terms due to larger thermal capture cross
section of thorium.

ThoughU233 has the advantage of higherη in the thermal energy range, transmuta-
tion products originating from Th232 as shown in Fig. 1 include protactinium (Pa233)
which has a higher absorption cross section for thermal neutrons. Pa233 has a higher
half-life (~27 days) compared to that of Np239 (~2.35 days) in the uranium cycle.
It has also a high absorption cross section for thermal neutrons. Pa233 can lead to a
reduction in the breeding ratio due to its conversion into U234 by absorbing a thermal
neutron rather than decaying to U233. To avoid this, in some reactors like molten salt
reactors, Pa233 is continuously removed from fuel and kept in storage outside where
it decays to U233, which is subsequently fed back to the reactor. Saving of neutron
helps in increasing the breeding gain in such a scheme.

In solid-fuelled reactors, thorium dioxide is the most acceptable fuel due to its
higher melting point, better thermal conductivity, lower fission gas release rate and
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Fig. 2 Variation of η with
neutron energy (Ref. [16],
Curtsey Current Science
Journal)

reduced fuel deterioration in the event of failure. Much reduced production of long-
lived radioactive isotopes in the Th-U233 fuel cycle and higher stability of its com-
pounds due to single valency of thorium make thorium fuel a very attractive option
for generation of nuclear energy. Due to smaller atomic and mass number of 90Th232

compared to that of 92U238, the long-lived minor actinides resulting from the fuel
burn-up in a nuclear reactor are in much lower quantity with the thorium fuel cycle. It
has been shown [8] that the production of minor actinides like Np237, Am and Cm is
orders of magnitude smaller in U233-Th232 fuel cycle compared to those in U235-U238

cycle at 60 GWd/t burn-up for a pressurised water reactor (PWR).

5 Has Power Production from Thorium Reactors Been
Demonstrated? What are Previous Experiences
in Generating Energy from Thorium?

The high value of η ofU233 inwider neutron energy spectrum (thermal and epithermal
energy range) generated interest for thermal breeding the feasibility ofwhich has been
examined by several countries, e.g. high-temperature gas-cooled reactor (HTGR) in
Germany and USA, BORAX-IV and Elk River boiling water reactors (BWR) in
USA, shippingport reactor in USA and molten salt reactors (MSR) at Oak Ridge
National Laboratory (ORNL) in USA. Table 1 summarises some parameters of these
thorium reactors. Design features and operating experience of two of these reactors
are briefly discussed as follows:
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Table 1 Some examples of the thorium-based reactors in the world [9, 32, 33]

Reactor Place and year Fuel and
moderator

Coolant Power

Thorium
high-temperature
reactor

Germany
(1985–89)

Th+Enriched
uranium coated
particles
Graphite
moderated

Helium cooled 300 MWe

High-temperature
reactor

USA
(1976–89)

Th+Enriched
uranium
Graphite
moderated

Helium cooled 330 MWe

Shippingport USA
(1977–1982)

Th+U233

H2O moderated
H2O cooled 60 MWe

KAMINI India
(1996–present)

U233 – Al alloy
H2O moderated

H2O cooled 30 KW

5.1 Use of Thorium in Shippingport Reactor in USA

The pressurized light water reactor (PWR) named Shippingport reactor [9] in USA is
the only reactor which has operated as thermal breeder reactor using thorium during
1977–1982, producing 2.5 billion kWh of electrical energy [9]. The core contained
hexagonal-shapedmodules composed of centralmovable seed surrounded by station-
ary blanket. The fuel pellets in seed and blanket composed of (U233-Th) mixed oxide.
The core was surrounded by reflector modules. The reflector and short sections at top
and bottom of seed and blanket consisted of pellets made of thorium dioxide. The
movable seed assemblies were used instead of placing absorber materials within the
core for controlling reactivity. This was essential for minimising parasitic capture of
neutrons and making breeding ratio greater than one. The destructive analysis of 17
fuel rods and non-destructive assay of 524 fuel rods demonstrated that 1.39% more
fissile material [9] was present in the spent fuel compared to that in the beginning
of cycle. This established that breeding had indeed occurred in the thermal energy
spectrum [9].

5.2 Use of Thorium in Molten Salt Reactors

Themolten salt reactor concept [10, 11]was introduced in theAircraft Reactor Exper-
iment (ARE) in 1954 with operating power of 2 MWt. ORNL developed an 8 MWt
molten salt reactor under the leadership ofAlvinWeinberg. The fuelwas in themolten
salt form (a solution of Li7F, BeF2, ThF4 and UF4). The nuclear heat generated was
transferred by circulating the molten fuel through heat exchangers. The circulating
fuel was also passed through online chemical reprocessing unit where the fission
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products were removed, and the required fissile material was replenished. Molten
Salt Reactor Experiment (MSRE) was continued during the period of 1964–69. All
the three fissile fuels namely U233, U235 and Pu239 were used. ORNL later made
conceptual design of two 1000 MWe Molten Salt Breeder Reactors (MSBR), one
using single fluid [12] (with mixed fertile and fissile) MSBR (Breeding ratio 1.04)
and the other using two fluids (separate fertile and fissile) (Breeding ratio 1.07).

6 Are There Any Technological Problems Associated
with Thorium Fuel Cycle?

The technology required for use of U-Pu fuel cycles on commercial scale in thermal
reactors is well proven and robust. This fuel cycle is delivering power for several
decades. The same is not true with Th-U233 fuel cycle. Many technology issues are
yet to be resolved before the deployment of Th-U233 fuel cycle in a commercial scale.
In the thorium fuel cycle, U232 (half-life ~68.9 years) is generated by several nuclear
reactions, two of which are indicated in the following:

U233 + n1 → U232 + 2 n1

Pa231 + n1 → Pa232
β−→U232

U232 itself does not emit gamma rays. However, two of its daughter products,
namely, Bi212 (half-life ~60.5 min) and Tl208 (half-life ~3.05 min), emit intense high
energy gamma rayswhichmake fabrication and handling ofU233 fuel technologically
challenging.

Chemical reprocessing of spent thorium fuel has beendemonstrated in small scales
[13] and needs to be implemented in larger scale for establishing a robust technology
which will involve either a three-stream reprocessing scheme for mixed U/Pu/Th-
based fuel or an adoption of two different reprocessing streams one involving U/Pu
and the other for pure thorium fuel pins.

7 Why the Thorium Fuel Cycle Is Considered Proliferation
Resistant?

As mentioned in the preceding section, U233 separated from spent thorium fuel will
invariably contain certain amount of U232. The daughter products of U232 emit strong
gamma rays. Such materials cannot be handled outside gamma tight hot cells. The
possibility of diversion of this material for weapon applications and of pilferage by
non-state actors is very remote. It is because of this reason thorium fuel cycle is
considered proliferation resistant.
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8 Does Thorium Fuel Cycle Offer Any Solution
to the Long-Lived Radioactive Waste?

Nuclear fuel when discharged from the nuclear reactors is highly radioactive and
contains radioactive fission products (FP), uranium (U), plutonium (Pu) and minor
actinides (MA).

Typical values of these in the spent fuel discharged from light water reactors
(LWR) are 4, 95 and 1% for FP, U and Pu and MAs combined, respectively. Typical
values of these in the spent fuel discharged from light water reactors (LWR) are 4,
95 and 1% of FP, U and Pu and MAs combined, respectively. For the first 100 years,
fission products dominate the radio-toxicity of spent fuel. Subsequently, plutonium
and MAs are the major contributors towards the radio-toxicity of the spent fuel.
Some of these MA isotopes take nearly two hundred thousand years to come to
radio-toxicity level of natural uranium ore. Removal of these MAs during chemical
reprocessing and their incineration enable bringing down the radio-toxicity to that of
natural uranium ore in about 300 years. This will reduce the radioactive waste burden
significantly. U238 is responsible to a good extent for production of plutonium and
MAs isotopes which have very long radioactive life. In Th-U233 cycle, the production
of long-lived MAs is reduced by orders of magnitude due to the lower mass number
of Th232 compared to that of U238. Switching over to the Th-U233 fuel cycle will,
therefore, reduce the radio-toxicity of the spent fuel drastically [14].

The scheme of removal of MAs from spent fuel as planned in several countries
where the closed fuel cycle is adopted will necessarily include nuclear incineration
of MAs in fast reactors preferably in dedicated burners.

9 Is Closed Cycle Essential for Thorium Utilisation?

In case, U233 is used as the driver fuel in a reactor with thorium as the fertile material,
there is a necessity of collecting U233 from the spent fuel by chemical reprocessing.
In that scenario, the adoption of closed fuel cycle is essential. However, if one plans
to burn fissile isotopes accumulated earlier, thorium can be used as a matrix for deep
burning of U235 or Pu239 in a once-through fuel cycle. The biggest advantage of
thorium matrix is that the spent fuel will contain isotopes with shorter radioactive
life.

In the present generation light water reactors, using enriched fuel (4–5% U235) in
the once-through fuel cycle, the fuel utilisation [15] (generally defined as the ratio
of mass of heavy metals of the fuel fissioned to the mass of natural uranium used
in making the fuel) is typically about 0.6%. This value can be improved slightly to
about 0.8% in a reactor with a better neutron economy as in a PHWR. Reprocessing
of the spent fuel once and the use of Pu in the Mixed Oxide UO2-PuO2 (MOX)
fuel (in place of enriched uranium) can enhance the fuel utilisation to about 1.5%.
In breeder reactors, which operate on recycle mode, the fuel utilisation depends
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upon fuel burn-up and losses during chemical reprocessing of the fuel. It increases
with increase in burn-up and reduction in losses during reprocessing. Deploying fast
breeder reactors along with multiple reprocessing and recycling schemes, one can
achieve nearly 60% fuel utilisation. The use of thorium as a fertile material from
which fresh fissile material can be generated can further enhance fuel utilisation to
achieve near sustainability of nuclear power.

In terms of the short-term gains, introduction of thorium in present generation
reactors for in situ burning can bring about big savings in the consumption of freshly
mined uranium. Some simple estimates of the savings of uranium consumption for
two distinct scenarios have been presented in the next section. As mining of uranium
is becoming increasingly difficult due to environmental issues, the saving in the
mined uranium assumes a great importance.

10 What are Different Options for Use of Thorium?

In many occasions when one discusses the possibility of deriving energy from tho-
rium, one says it is a source of energy for future. The same statement has been
appearing for over six decades. While answering the above question, we will be
examining whether energy from thorium can be tapped in near future using some
of the well-established reactor technologies and what are the scenarios prevailing in
different countries for realising the dream of energy from thorium.

One can visualise the utilisation of thorium for power production adopting one of
the following technologies: (i) existing thermal reactors (PHWR, PWR, BWR) and
in newly designed reactors (e.g. Advanced Heavy Water Reactors), (ii) fast reactors,
(iii) molten salt reactors and (iv) accelerator-driven subcritical reactors.

10.1 In Existing PHWRs

The versatility of fuel management of PHWRs makes them suitable for introduction
of thorium fuel in existing reactor systems.Of course, thiswill require use of enriched
uranium or plutonium loaded MOX.

As has been discussed in detail earlier [16], substantial saving in natural uranium
consumption can be achieved by introduction of thorium in PHWRs onlywhen fissile
content in the initial fuel exceeds about 4% and the homogeneous fuel burn-up is
over 45,000 MWd/t.

For example, if 70 wt% of thorium dioxide is mixed with 30 wt% enriched Ura-
nium dioxide (that is 10% enriched) in all the fuel pins, nearly 60,000 MWd/T
discharge burn-up can be obtained in a once-through cycle [7, 16]. The annual
requirement of natural uranium for equilibrium core in that case comes down from
169 Tonnes/GWe to 119 Tonnes/GWe. This corresponds to annual saving of nearly
50 Tons (30%) of natural uranium. In situ breeding of fissile material from thorium
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Fig. 3 Variation of fissile
material (gm/kg of heavy
metal) versus burn-up (3%
enriched uranium case) (Ref.
[16], Curtsey Current
Science Journal)

is essentially responsible for this uranium saving. Figure 3 shows the depletion of
U235 and production of U233 with increase in burn-up [16]. It has also been shown
theoretically [7, 16–18] that though a self-sustaining Th-U233 cycle can be attained
the corresponding burn-up is unacceptably low.

In case, a PHWR is used as a plutonium burner, one can consider a scheme of
deploying plutonium dioxide as one of the driver fuel which can be mixed with
thorium dioxide in the outer most ring of the fuel bundle while inner three rings can
be constituted with oxides of Th232 and U233. It can be shown that plutonium isotopes
can be burnt nearly completely [16].

10.2 In Existing PWRs

Thorium can be used in existing PWRs in two ways: (i) thorium mixed homoge-
neously with enriched uranium and put in all fuel pins, (ii) fuel pins consisting of
enriched uranium are kept in the central part of fuel assemblies which act as seed
and surrounded by fuel pins consisting of thorium dioxide which act as blanket. A
natural uranium saving of up to nearly 40% [19] can be obtained for the closed fuel
cycle whereas it is marginal for the once-through cycle.

A Seed and blanket concept was proposed by Radkowsky, known as Radkowsky
ThoriumReactor (RTR) for using thorium in PWRs in once-through cyclemode [20].
In this concept, metallic uranium–zirconium fuel is used in the seed and enriched
uranium dioxide along with thorium dioxide is used in the blanket. The enriched
uranium in the seed is to be replaced once in three years. The thorium in the outer
blanket is to be replaced once in 10 years to increase in situ production [20] of U233.
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10.3 In Advanced Heavy Water Reactor (AHWR)

U233 fuelled reactors were operated in the past in USA and Germany. However,
they were discontinued due to abondoning of the reprocessing of spent fuel of
commercial reactors. The experience gained through these experiments not only
provided the proof of the principle of thorium reactors but also generated meaningful
data of nuclear cross sections, in-reactor behaviour of fuel, etc. India has designed
an advanced heavy water reactor (AHWR) primarily as a technology demonstrator
for thorium utilisation.

AHWR is designed as a vertical pressure tube light water cooled, heavy water
moderated reactor with a power rating of 920 MWt (300 Mwe) [21, 22]. The boiling
coolant removes the nuclear heat from the fuel by natural circulation. All the reac-
tivity temperature coefficients including the coolant void reactivity coefficient are
designed to be negative by keeping the neutron spectrum harder compared to that in
PHWRs. In the design of AHWR, many innovative passive safety systems have been
incorporated. Fuel cluster contains 54 fuel pins arranged in three rings. AHWR is
designed such that it can accept different types of fuel including enriched U, (U-Pu)
MOX, (Th-Pu) MOX and (U233-Th) MOX in full core. Finally, when enough U233

is generated, the system can run with (Th, U233) MOX. One of the recent designs of
AHWR is based on mixed oxide (MOX) fuel of low enriched uranium (LEU) with
thorium [23]. The design life of the reactor is 100 years.

10.4 In Fast Reactors

The breeding of fissile material can be obtained in fast reactors due to high value of
η in the fast neutron spectrum. Therefore, a very high fuel utilisation can be obtained
in fast breeder reactors compared to that in thermal converter reactors. The value of
η of U233 is low compared to that of Pu239 in fast neutron spectrum as can be seen
from Fig. 2. Therefore, the breeding ratio of the fast reactor is reduced if it is fuelled
with U233 as against Pu239. The breeding ratio will be significantly lowered if thorium
is put in the core region. In view of this thorium is placed in both axial and radial
blanket regions [24, 25] to produce U233. This U233 when accumulated in sufficient
quantity can be used in subsequent new reactors. The advantage of U233-Th cycle in
fast reactor arises from improvements in safety parameters: a reduction in sodium
void coefficient and more negative Doppler coefficient [24].

10.5 In Molten Salt Reactors

The molten salt reactors which have the provision for online removal of fission
products and feeding of required fissile material have some distinct advantages in
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thorium utilisation. The objective of fissile breeding in thermal reactors has indeed
been realised in design of MSBRs. Very good neutron economy in these reactors
makes it possible to have a breeding ratio exceeding unity. U233 having the highest
η value in the thermal-epithermal neutron spectrum will be the best fuel as far as
breeding is concerned. Online removal of protactinium (Pa233) is also responsible in
improving the neutron economy.

Despite its small breeding ratio (1.04–1.07), the doubling time of MSBRs can
attain a value close to that of a fast reactor. This is because the fresh fuel inventory
required to feed a thermal MSBR is much smaller (~1/4) than that required for a fast
breeder reactor.

In the context of reactor safety, the MSBR technology is very attractive due to
many inherent and passive safety features associated with it. In view of high fuel
utilisation, possibility of thermal breeding using thorium fuel and inherently safe
operation, these reactors are being considered very seriously in several countries
[26–28].

11 Does the Option Vary with Different Scenarios
Prevailing in Different Countries?

Issues related to the generation of nuclear power from thorium have been discussed
in the preceding sections. Based on these general observations possible ways thorium
utilisation has been discussed in detail in an earlier publication [16]. Table 2 sum-
marises different options of thorium utilisation under different prevailing conditions.

Table 2 Different options of thorium utilisation under different prevailing conditions

• Large stockpile of fissile
material and

• No need for enhancement of
nuclear capacity

• Large thorium and modest
uranium reserves

• Reactor technology and
reserve of fissile/fertile
material not available

I. Deep burning of fissile
material in thorium matrix
with significantly reduced
radio-toxicity burden in the
spent fuel
II. Substantial saving in use of
freshly mined uranium

I. Operation of U-Pu fuel cycle
for generating fissile inventory
II. Rapid growth of nuclear
power capacity by deployment
of fast reactors and
accumulation of U233 from Th
blanket
III. Sustaining nuclear power
for a long time by deploying
Th-U233 fuel cycle

I. Dependence on other
countries on nuclear reactor
technology and fuel supply
II. Proliferation resistant
nuclear fuel- no diversion of
material from power
programme to weapon
programme

• Adoption of Th-U233 fuel cycle for long-term sustainability of nuclear power and
significant reduction in radioactive waste burden of the spent fuel
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12 What is the Role of Accelerated-Driven Subcritical
System (ADSS) in Using Thorium?

Accelerator-Driven Subcritical System (ADSS) [29, 30] consists of mainly three sys-
tems, namely, accelerator which produces high energy high current proton beam, the
target where high energy neutron source is generated by spallation reaction initiated
by high energy protons with high Z material and the subcritical reactor where these
neutrons are multiplied.

Collision of high energy (1–2GeV) proton beamwith heavy nuclei such as lead or
uranium causes spallation reaction leading to generation of twenty to forty neutrons
per proton depending upon the mass number of target nucleus. The schematic of
spallation reaction and ADSS is shown in Fig. 4a, b, respectively. The beam power is
amplified by the neutron multiplication in the subcritical reactor. The energy amplifi-
cation gain increases with effective multiplication factor (keff) of the subcritical reac-
tor. Copious neutron production in a spallation process in ADSS helps not only in
higher conversion of fertile to fissile but also in incineration of long-lived transuranic
radioactive isotopes.

Fig. 4 a Schematic of Spallation reaction. b Schematic of accelerator-driven subcritical system
(Ref. [16], Curtsey Current Science Journal)
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13 Nuclear Power from Thorium is being Talked About
for Over Sixty Years. Why Is It Taking So Long
to Exploit It on a Commercial Scale?

Unlikenatural uranium, natural thoriumdoesnot have anyfissile isotope in it. Tapping
energy from thorium will necessarily require conversion from fertile to fissile which
needs neutrons. In a present generation power reactor thorium having a large capture
cross section acts as an absorber material. Having been converted to U233 it becomes
a fissile material and hence it is often called a “fissible poison”.

Today, nuclear power is generated primarily from fission of U235. The commer-
cially exploitable resource of uranium in the world can sustain the currently installed
nuclear power capacity for nearly 100 years. However, in the event of large-scale
expansion of the nuclear programme this period will be reduced considerably. In
the beginning of the nuclear era, there has been a great desire in attaining long-
term sustainability of nuclear power and the use of thorium in achieving this has
been strongly advocated. Nuclear power generation from thorium reactors has been
demonstrated way back in nineteen sixties and the experience accumulated by irradi-
ation of thorium-based fuel in present generation reactors is adequate for commercial
exploitation of nuclear energy from thorium.

As has been discussed earlier, the real benefit of thorium utilisation can come
when the closed nuclear fuel cycle involving chemical reprocessing of spent fuel
is adopted. As there are serious restrictions on reprocessing in many countries, the
development of associated technologies for separating U233 from irradiated thorium
was halted. The accumulation of U233 inventory in the last few decades has therefore
been so small that a major power programme cannot be initiated at this stage.

Considering the facts that Th-U233 fuel cycle has some advantages of inherent
safety features, reduction of long-term radio-toxicity, proliferation resistance and
possibility of thermal breeding, there is a recent renewal of interest in thorium-based
reactors [31].

14 Concluding Remarks

The subject of nuclear power from thorium has been deliberated over a long time.
The issues related are summarised in this paper in form of simplified answers to
some frequently asked questions. The feasibility of generating nuclear power from
thorium, possibility of fissile breeding in the thermal energy spectrum, relatively
high stability of thoria fuel in nuclear reactors and reduced generation of long-lived
radioactive nuclides in the spent fuel are proven beyond doubt. The use of thorium in
present generation reactors and in molten salt reactors and reprocessing of thorium
spent fuel in small scale have generated enough confidence in making a beginning
of thorium fuel cycle. However, the technology of remotised fuel fabrication is still
not matured. Considering the overall picture, the generation of nuclear power from
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thorium in once-through mode is implementable within a short time span provided
enough inventory of fissile nuclides (U235 and/or Pu239) is available. To derive all
the advantages of Th-U233 fuel cycle it is imperative to accumulate enough of U233

fuel to be used as driver fuel in a thorium matrix and sustain power production by
in situ fissile generation and the closed fuel cycle operation. As long as uranium
resources are available for competitive commercial power generation, there is not
enough incentive in many countries to start the use of thorium. This is not true for
countries withmeagre uranium resources and for them speedy accumulation of fissile
nuclides through the operation of fast reactors is a priority. The reasons behind the
delay of thorium introduction for power production can be explained on this basis.
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Thorium Technology Development
in an Indian Perspective

A. K. Nayak, Arun Kumar, P. S. Dhami, C. K. Asnani and P. Singh

Abstract To meet the large energy demand in India, nuclear energy is vital which is
not only a clean, green source of energy but also the high capacity factor and long life
of plant make it a competitive source with other green sources of energy. India has
one of the largest reserves of thorium in the world. It is well recognized that this fuel
shall play a major role in India’s nuclear power programme to produce a significant
fraction of energy. However, thorium being a fertile material cannot be used directly
unlike, for example, natural uranium which has U-235 fissile content. Thus, thorium
needs an external feed of Pu-239 or U-233 for burning in the reactor. In view of the
above, India has adopted a closed fuel cycle approach in its three-stage nuclear power
programme. For burning thorium in a closed fuel cycle, several technologies need to
be developed and demonstrated for commercial viability. India has worked a lot in
this context right from fuel fabrication to reprocessing. This manuscript summarizes
a brief review of the technology developed in India and past experiences for thorium
utilization in Indian nuclear programme.

1 Introduction

India has a population close to 1.3 billion, at present. It per capita energy consump-
tion is very low (1050 kWh per capita per year), and so its human development index
(HDI) is 0.6 (130th in the world as seen in Fig. 1 [1]). The per capita energy con-
sumption has a strong bearing on the socio-economic standard of a nation. India has
an ambitious economic growth which is projected to be high according to the NITI
Aayog of India [2] in the next 10 years. Energy shall play a key role in achieving the
target.
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Fig. 1 Electricity consumption versus human development index

Currently, coal (~40%) and natural gas (~23%) dominate the energy share globally
[3]. The share fromnuclear energy is nearly 11.2%. In the Indian scenario, the carbon-
based fuel is the main source of the energy production [3].

The global concern as discussed in the Paris summit is to reduce the carbon
footprint and emission of the greenhouse gases to limit the environment temperature.
It can be achieved by reducing the share of carbon-based fuel in energy production
and increasing the participation of green energy. Renewable source of energy such
as solar and wind has taken a gigantic step in India. By November 2017, India has
already installed a total of 62 GW renewable power which includes solar and wind
[4], while at the same time the share of nuclear, a clean and green source of energy,
is relatively low.

The slow growth of nuclear energy production in India is primarily due to limited
uranium reserves in India and high capital cost involved in building a nuclear power
plant. However, it is well known that the energy cost is not only dependent on the
capital cost and operating cost but also dependent on the capacity factor of the plant.
Higher capacity factor reduces the cost of energy significantly. Operating experience
of Indian nuclear plants shows that Indian PHWRs have very high capacity factor
[5]. Even the capital cost is quite competitive with other sources of energy [5].

Considering the demand for a large amount of energy, India would require a
significant fraction of energy from nuclear, primarily because not only the nuclear
power plants run at higher capacity factors with almost no emission of greenhouse
gases but also the fuel has a large power density to produce significant large power
with relatively small amount of fuel. For example, a 500 MWe thermal power plant
with coal as fuel requires 1.8 million ton of coal per year, while the fuel required
for a 1300 MWe PWR is only 115 ton with 3.2% enrichment and for a BWR it is
~170 ton with 2% enrichment [6]. Thus, from an Indian perspective, this source of
energy is considered extremely vital in near future.
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2 Role of Thorium in Indian Energy Scenario

India has more than three times thorium than uranium. Utilization of thorium in
India’s three-stage nuclear power programme was conceptualized by the architect of
our nuclear power programme, Homi Jehangir Bhabha, mainly because it has very
large reserves of thorium and very limited reserves of uranium (Fig. 2).While natural
uranium has a small percentage of U-235 (0.7%) which is a fissile isotope, thorium
does not have any fissile content. Thus, it requires an external feed of fissile material
to burn in a nuclear reactor. This was the main factor for India adopting a closed
fuel cycle in its three-stage nuclear power programme. In the first stage, the PHWRs
burn natural uranium fuel which results in the production of Pu-239. The spent fuel
is reprocessed to separate plutonium. Pu-239 is a fissile material which shall be used
as fuel in the second stage of Indian nuclear power programme in fast reactors. In
fast reactors, the neutron energies are much higher than the thermal reactors. The
advantage of fast breeder reactors is that it produces slightly more plutonium than
it consumes. This is achieved by proper physics design of nuclear reactors with
suitable choice of fuel and coolant in design. Over a period of time, with growing
plutonium inventory, the number of fast breeder reactors (FBRs) in the country can
be multiplied. Thus, the major share of electricity production from nuclear can be
achieved through plutonium burning in FBRs. In addition, in plutonium-based FBRs,
Th-232 is targeted to be introduced as a blanket material to be converted to U-233
in situ. In the third stage of nuclear power programme, Th-232 shall be burnt with U-
233 to facilitate building the nuclear power capacity for a sustained power generation
as long as thorium input is available (Fig. 3) [7].

U fueled
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Pu Fueled
Fast Breeders
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Dep. U

Pu

Th
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Fig. 2 Schematic of Indian three-stage nuclear power programme as originally envisaged on the
basis of available uranium reserve to support a 10,000 MWe installed capacity in the first stage
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Fig. 3 Potential for nuclear power growth and energy sustainability in India using thorium

3 Advantages of 233U-Th Cycle

233U-Th fuel cycle has superior properties compared to Pu-U cycle for the following
reasons:

• 233U has η value (greater than 2) (Fig. 4) that remains fairly constant in thermal
as well as epithermal regions. This facilitates

– Th-232 as a better candidate compared to U-238 for neutron capture (Fig. 5) [8]
– Higher fission to capture cross-sectional ratio (Fig. 6) [8].

• 232Th–233U fuel cycle can provide breeding characteristics with fast, epithermal or
thermal spectra. Thermal reactors require less specific fissile inventory and could
be a better option for this cycle.

• At high burnups beyond a threshold, thorium requires lower 235U enrichment.
Thus, it overtakes 238U as fertile host. Hence, it is an ideal fuel for

– Tolerating higher parasitic absorption

Fig. 4 Comparison of η

value of different fuels
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Fig. 5 Capture cross section of Th-232 and U-238 fuel

Fig. 6 Comparison of fertile species 238U and 232Th

– Better proliferation resistant due to the presence of U-232 (Fig. 7a, b) [9, 10].
– Lower minor actinide production (Fig. 8)

232Th–233U fuel cycle produces much lesser long-lived minor actinides (Np,
Am and Cm) as compared to the 238U–239Pu fuel cycle. Hence, 232Th–233U fuel
cycle creates reduced toxicity and issue of decay heat production. Thorium also
does not add to long-lived waste.

– Thermo-physical characteristics of thorium are well suited for high burnup due
to the following considerations:

(a) Better thermo-mechanical properties and slower fuel deterioration
(b) ThO2 has a very high melting point of 3300 °C
(c) Lower fuel temperatures due to the better thermal conductivity of ThO2

(d) Less fission gas release.
(e) Better dimensional stability due to high chemical stability and high FP retention

inThO2 matrix, better characteristics for power distribution, lower reactivity loss



32 A. K. Nayak et al.

Fig. 7 a Thorium decay chain—the presence of U-232 makes high proliferation resistant; b com-
parison of proliferation risk of different fuels [11]
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Fig. 8 Comparison of the
production of MAs in
thorium and uranium fuel
cycle

Table 1 Resources of
thorium in India

Minerals Reserves (million tons)

Ilmenite 593

Sillimanite 226

Garnet 168

Zircon 34

Rutile 31

Monazite (thorium oxide) 12 (10 lakh tons)

Total 1065

with fuel depletion, better behaviour under irradiation which supports operating
at higher burnup.

(f) More favourable safety characteristics are due to:

Overall temperature coefficient being negative and less chemical reactivity with
water.

4 Thorium Reserves in India

In India, naturally occurring monazite mineral is the principal source of thorium
(Fig. 9). It occurs in the sea beaches of coastal India (Fig. 10) and inland placer
deposits, in association with six other heavy minerals such as ilmenite, rutile, leu-
coxene, zircon, sillimanite and garnet [11]. Concentrations of monazite in the suite of
above-mentioned heavy minerals vary from 0.1 to 2.5%. Table 1 shows the resource
availability of monazite along with other associated heavy minerals [11]. Monazite
mineral is a phosphate of thorium and rare earth (RE), and in India it contains ~8.8%
of ThO2 [11]. Composition of monazite is shown in Table 2 [11].
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Table 2 Typical composition
of monazite

Composition %

RE elements as RE2O3 59.37

P2O5 27.03

ThO2 8.88

U3O8 0.35

CaO 1.24

SiO2 1.0

MgO 0.63

Fe2O3 0.32

Al2O3 0.12

PbO 0.18

TiO2 0.36

ZrO2 0.49

4.1 Separation of Thorium from Monazite

Different technologies are being developed in India for separation of thorium from
monazite. Separation is carried out by (1) the digestionwith hot sulphuric acid and (2)
the fusion with hot sodium hydroxide, i.e. caustic lye solution [11]. The separation
by fusion with hot sodium hydroxide involves chemical attack of ground monazite
sand with hot, concentrated caustic lye at a higher temperature to break the stable

Fig. 9 Monazite sand
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Fig. 10 Thorium in beach sand (Kerala coast)

phosphate bond of the mineral by converting it to trisodium phosphate (TSP). The
caustic fused mass is leached in water to leach out water-soluble TSP leaving behind
uranium, thorium and rare earths as insoluble hydroxides. The insoluble mass is
further reacted with dilute hydrochloric acid at pH-3 to extract most of the rare earth
(RE) from the treated mass as rare earth chloride in the form of aqueous solution.
The residual unreacted mass, called thorium cake, contains uranium, thorium and a
small amount of RE as hydroxides [11].

The rare earth chloride solution is treated with barium chloride, sodium sulphate
and sodium sulphide to remove the long half radioactive daughter products of tho-
rium, i.e. lead as lead sulphide, which is co-precipitated along with barium sulphate.
The treated RE chloride solution after settling and decantation is filtered to bring
down its specific radioactive level below 1 Bq/g by removing its radioactivity as the
precipitated lead sulphide along with barium sulphate (Pb–Ba cake).

The uranium and thorium elements contained in the thorium cake are completely
extracted into solution along with small amount of remaining RE by reacting the
thorium cake with dilute nitric acid in the presence of hydrofluoric acid. The acidic
solution containing a few unreacted solid particles is filtered, and the small amount of
insoluble mass (muck) is disposed off following low-level radioactive waste disposal
guidelines.

The clear acidic solution after filtration is subjected to solvent extraction by using
tributyl phosphate (TBP) as a solvent in two separate stages for extracting uranium
and thorium in their purer forms and recovering them from TBP extractant as ammo-
nium diuranate (ADU) nitrate and thorium nitrate, respectively [11]. Figure 11 shows
a schematic of the process flow sheet for the extraction of rare earths, thorium, ura-
nium and production of TSP frommonazite. Figure 12 is a diagrammatic presentation
of monazite attack by caustic lye to produce TSP and thorium cake containing all
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Fig. 11 Process flow sheet
for extraction of thorium

the rare earth, uranium and thorium values of monazite. Figure 13 elucidates the
scheme of processing thorium cake to produce thorium oxalate for long-term stor-
age, thorium nitrate and nuclear grade thorium oxide. Thorium chloride is converted
to thorium oxalate for its long-term storage in engineered trenches.

Post-solvent extraction of REs is left behind in the acidic raffinate solution, which
is neutralized by caustic/alkali treatment in the effluent treatment plant (ETP). The
precipitated mass (ETP cake), after caustic/alkali treatment of the acidic raffinate
in ETP, is either disposed of as per radioactive waste disposal norms or recycled to
the previous processing step to recover the RE as RE chloride. Neutralized liquid
effluent from ETP is disposed as per statutory guidelines.

Based on the above-mentioned caustic attack process of monazite, Indian Rare
Earths Limited (IREL), has set up amonazite processing plant [11]. Themanagement
of waste generated by processing monazite in this plant is given in Table 3. The
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Fig. 12 Monazite processing—caustic attack plant

Fig. 13 Thorium extraction process

physical properties, chemical composition and the adopted methods of storing each
of these radioactive materials are also presented in the same table.
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Table 3 Management of waste generated during monazite processing

Solid waste Physical properties Chemical composition Disposal methodology

Thorium oxalate
(2000 tpy)

Bulk ρ: 1.27 g/cc
pH: 7–7.5
Activity: 7400 Bq/g

Th oxalate: 60%
Water: 40%

Underground RCC
trenches

Muck (insoluble)
(1200 tpy)

Bulk ρ: 1.2 g/cc
Acidity: 1.1–1.5%
Activity: 1800 Bq/g

Total oxide: 5–10%
ThO2: 0.5–3%
Insoluble: 30–45%
Moisture: 30–45%

Underground FRP
lined RCC trenches

Pb–Ba cake (600 tpy) Bulk ρ: 1.2 g/cc
pH: 4–4.2
Activity: 8000 Bq/g

BaSO4: 45–50%
PbS: 5–10%
Moisture: 45–50%

Underground FRP
lined RCC trenches

ETP cake (50 tpy) Bulk ρ: 1.25 g/cc
pH: neutral
Activity: 100 Bq/g

Moisture: 60–70%
PO4: 0.1–0.15%
Fluorides: 0.05–0.1%
Insoluble: 25–30%

Packed in HDPE bags
and stored in earthen
trenches

5 Extractive Metallurgy of Thorium

Being one of the most reactive elements, it is very difficult to obtain thorium in
metallic form. Besides, its high melting point (1755 °C) adds to handling difficulties
during extraction. Starting compound for extraction of thorium could be its oxide,
chloride or fluoride.

5.1 Oxide Route

It is the most convenient route, since ThO2 is easy to prepare and handle. How-
ever, this process requires calcium, which alone could be used as the reducing agent
for the oxide. The resulting product is thorium powder, which contains about 1%
oxygen. This process has been carried out in India up to 5 kg batch size [12]. Tho-
rium is ductile despite high oxygen content and sheets of thorium metal have been
made by powder metallurgy. Oxide route followed by powder metallurgy is cheaper,
provided the purity of thorium is acceptable to the fuel designers and the desired
sizes could be fabricated. Larger consolidated (i.e. without porosity) rods of pure
thorium can be made by consumable arc melting; however, no experience exists in
India. Some experience is gained using non-consumable arc melting for smaller size
products. However, if alloying is to be done with refractory metals (e.g. Mo or Zr),
the purity obtained in oxide route is definitely not sufficient. Although oxygen could
be eliminated by electron beam melting, the loss of thorium is substantial (~15%) as
one-mole oxygen atom takes away one mole of thorium which is 15 times heavier.
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5.2 Chloride Route

Choice of magnesium as the reducing agent is also available if thorium chloride is
used as the starting material. This process is similar to Kroll’s process, which is also
used for preparing zirconium, titanium, etc. However, thorium chloride is highly
hygroscopic. Removal of moisture may result in its conversion to ThOCl2, which
does contain oxygen and thereby defeats the purpose of going for the chloride route
[12]. The product is thorium sponge, which quickly picks up oxygen.

5.3 Fluoride Route

ThF4 is reduced by calcium in the presence of zinc. Th–Zn eutectic and CaF2 are
liquid at reaction temperatures; hence, the product is formed in massive form (i.e.
consistent solid without pores). Zinc is distilled off from Th–Zn. No experience in
India about this route is available.

6 Fuel Fabrication Aspects

6.1 Fuel Options for Water-Cooled Reactors Working
in Thorium-Based Fuel Cycle

Initially, it was anticipated that thorium will be required to supplement uranium at
a very early stage of Indian nuclear power programme. Considerable thorium fuel-
burning experience was thus generated globally in various types of reactors which
include BWRs, PWRs, gas-cooled HTRs and MSRs. Recently, a lot of studies have
been conducted in research laboratories and universities for thorium utilization in
advanced reactors in many countries, e.g. India, Russia, USA, China, France, UK,
Canada. The IAEA–INPRO programme has also identified a number of thorium-
based fuel cycle optionswhich include different fuel options forwater-cooled reactors
such as (Th-LEU) MOX, (Th–Pu) MOX and (Th-233U) MOX.

6.2 Fabrication of (Th–LEU) MOX

Manufacturing technology of (Th-LEU)MOX is almost similar to that of the conven-
tional powder pellet process used for enriched UO2 [13]. Figure 14 shows the general
flow sheet for fabrication of thoria-based mixed oxide fuel. Initial milling of thoria
powder is carried out to change the platelet morphology so as to enhance the com-
patibility of the powder. The milled powder is mixed with UO2 along with additives,
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Fig. 14 Powder metallurgy process for fuel fabrication

e.g. polyethylene glycol (PEG) and oleic acid (OA) followed by pre-compaction at
150MPa and granulation. The additives reduce interparticle friction and also friction
between die and particles. Final compaction is carried out at 300 MPa followed by
sintering either in oxidative or in reducing atmosphere.

6.2.1 Major Issues in (Th–LEU) MOX Fuel Fabrication

Criticality Issues: Commercial LWR fuel fabrication plants are licensed to handle
up to 5% 235U enrichment. (Th-LEU) MOX fuels require handling of higher 235U
enrichments (~20%). Fabrication plants will have to be designed to take care of
more stringent criticality requirements (till the two oxide powders are mixed with
each other). This may limit the size of equipment and may require adoption of batch-
type mode instead of continuous mode for fuel fabrication, especially for some of
the wet processes.
Health Physics Issues: Higher radiation shielding is required for handling (Th-LEU)
MOX fuel. Steel or lead shielding of few cm thick has to be provided for a various
equipment depending on the age of thorium being handled. It is well known that
daughter products of 228Th are γ emitters; e.g. 212Bi emits 0.7–1.8 meV, and 208Tl
emits 2.6 meV gamma (Fig. 15).
Higher 234U Concentration in LEU: Because of the presence of higher 234U con-
centration in LEU as compared to Nat. U (Table 4), the activity is substantially higher
in LEU, which needs to be handled during fabrication of the fuel.
Thoron Management: Fabrication plant ventilation system has to take care of 220Rn
by providing features for delay time prior to release.Additional steps to be considered
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Fig. 15 Decay chain of
Th-228

Table 4 Specific activity comparison between LEU and Nat. U [13]

Isotope 234U 235U 238U

Specific activity (Bq/mg) 231,300 80.011 12.445

wt% Nat. U 0.0053 0.711 99.284

LEU 0.193 19.75 80.057

Total activity (Bq/g) Nat. U 25,280

LEU 471,926 (almost 18 times that of Nat. U)

in fabrication processes are conditioning of as-received ThO2 powder andmixing and
milling of the UO2 and ThO2 powders in an attritor to obtain desired homogeneity.
Figure 16a, b shows morphology of as-received ThO2 and UO2 powder, respectively
[13]. The morphology of ThO2 powder is platelet type whereas that of UO2 is reg-
ular. The platelet morphology is not suitable for good compactibility. The platelet
morphology of ThO2 powder is broken by milling process (Fig. 16c).
Sintering Behaviour of (Th-LEU) MOX Fuel: Thoria has higher melting point and
thus requires higher sintering temperature and the use of dopants likeMgO or Nb2O5

to obtain the high pellet density (Table 5).
Recycling and Recovery of Process Rejects: Recycling of process rejects is difficult
due to stable nature of thoria. Drymethod can be used for recycling limited quantities
(~10%).Oxidative–reductive processing of the sintered rejects is carried out followed
by milling and mixing with fresh powders (Table 6).
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Fig. 16 Morphology of ThO2 and UO2 powder

Table 5 Sintering behaviour of (Th-LEU) MOX fuel [13]

Composition Dopant Sintering
temperature (°C)

Sintered density (% T.D)

ThO2-20% UO2 – 1600 80

0.05% MgO 1700 92

0.05% MgO+
0.05% Nb2O5

1700 94

Table 6 Recycling and recovery of process rejects of (Th-LEU) MOX fuel [13]

Composition % fraction of rejected material
added with fresh powder

Sintered density, (% T.D)

ThO2 +13 w% UO2 (with
0.5 w% Nb2O5)

10% 95%

>20% Pellet cracking is observed

Wet Recycling Aspects:Wet recyclingmethodwill have to be adopted for processing
large quantities of process rejects. The following aspects need to be considered during
wet recycling:

• Recycling of fabrication rejects requires dissolution of the chemically stable
thoria matrix in higher concentrated HNO3 at high temperatures and addition
of fluoride. Studies carried out at BARC have shown that with 8M nitric acid
containing 0.010–0.015M fluoride catalyst under boiling conditions dissolves
the pellets in 48–72 h [14]. Recovery of thorium by oxalate precipitation and
uranium by conventional ADU process is one of the methods. During trials with
recovered ThO2 and UO2 powders at BARC, pellets of acceptable quality have
been fabricated.

• Laboratory scale studies indicate the feasibility of adopting this process. Some
of the aspects which have to be taken into consideration are
– Long dissolution time
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– Criticality aspects
– Corrosion of dissolution tank material.

6.3 Fuel Fabrication Aspects of (Th–Pu) MOX

Conventional powder pellet process inside glove boxes similar to that used for (U-Pu)
MOX can be adopted for (Th–Pu) MOX fuel fabrication [13] as shown in Fig. 17.

The issues identified for fabrication of (Th-LEU) fuel are almost the same for
that of (Th–Pu)-based fuel. In addition, fuel fabrication using glove box facilities
restricts the size of manufacturing equipment, which results in reduction of through-
put. This restriction is a greater concern as the (Th–Pu) MOX fuel tonnage require-
ments for water-cooled reactors are considerably high. For the (U-Pu)-based fast
reactors, where the tonnages of fuel requirements are lower, this does not affect the
overall economics significantly.

6.4 Fuel Fabrication Aspects of (Th–233U) MOX

The major issues in fabrication of (Th–233U) MOX are the radiological aspect asso-
ciated with recycling of 233U [13]. The concentration of 232U in the uranium obtained
from reprocessing of thorium fuels is in the order of a few hundred ppm (typically
about 500 ppm from PHWR) [13]. 228Th in recycled uranium is in the order of ppm
level compared to ppb level in natural thorium. This requires a fully shielded facility
(Table 7) for handling hard gamma being emitted from Th-228.

Steps followed for the fabrication of thoria-based MOX fuel is given below [13]:

(a) Sol-gel Microsphere Pelletization:

Fig. 17 Picture of glove box for handling (Th–Pu) MOX fuel
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Table 7 Shielding requirement for handling of (Th-233U) MOX fuel [13]

Fuel type Technique Type of facility

(Th-233U) MOX Powder pellet Fully shielded facility

Sol-gel microsphere pelletization Fully shielded facility

Pellet impregnation Partially shielded facility

Coated agglomerate pelletization Partially shielded facility

(Th-LEU) MOX Powder pellet Conventional UO2

(Th–Pu) MOX Powder pellet Glove box

Fig. 18 Flow sheet for fabrication of sol-gel microsphere pelletization

Figure 18 shows the flow sheet developed for fabrication of thoria-based MOX
fuel. Nitrate solution of Thoria and UO2 is mixed along with NH4NO3, and gel
microspheres are prepared. Homogeneous microspheres thus prepared are washed
and calcined. The microspheres are subjected to compaction and sintered to achieve
high density.
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Fig. 19 Pellet impregnation
technique showing
impregnation of uranium
nitrate solution in
low-density pellet

(b) Pellet Impregnation Technique:

Low-density pellets (70%TD) are fabricated and subjected to impregnation followed
by drying and sintering. A schematic of this process is shown in Fig. 19.

Following steps are followed for this process

• Fabrication of partially sintered low-density ThO2 pellets in unshielded facility by
powder—pellet route

• Impregnation with uranyl nitrate solution in shielded facility followed by drying
and sintering.

(c) Microsphere Impregnation Technique:

Porous microspheres prepared by sol-gel technique are subjected to impregnation by
uranyl nitrate solution. Thoriamicrospheres are prepared in an unshielded facility and
subjected to impregnation by uranyl nitrate solution in a shielded facility (Fig. 20).
The microspheres are then calcined and compacted followed by sintering at high
temperature.

(d) Coated Agglomeration Pelletization (CAP) Process:

The fabrication flow sheet of (Th, U)O2 pellets by CAP process is shown in Fig. 21.
ThO2 powder is mixed with water in a mixer and then subjected to extruder and
spherodiser to obtain spheroids of regular morphology. These steps of the process
are carried out in a non-shielded facility. The spheroids thus obtained are coated
with uranium in a shielded facility followed by compaction and sintering to obtain
high-density pellets. Figure 22 shows thoria and thoria-based products obtained from
different steps of CAP process.
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Fig. 20 Flow sheet of microsphere impregnation technique

A summary of different processes discussed above is given in Fig. 23. The steps
which require shielding have been shown in different colours.

7 Measurements of Thorium Properties

The thermo-physical properties of thoria-based fuel are very important for burning the
thoria-based fuel in nuclear reactor. These properties vary not only with temperature
but also with burnup. Several experiments have been carried out in BARC [15] to
determine important properties of thoria-based fuel which include melting point,
density, thermal expansion and thermal conductivity. In addition, modelling and
experiments have been carried out for thermal expansion of fuel required for fuel
design for finding the extent of thermal stresses [16].
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Fig. 21 Flow sheet of coated agglomerate pelletization process

(a) ThO2 extrude,          (b) ThO2spheroids  (c) ThO2 agglomerates coated 
with U3O8.

Fig. 22 Thoria and thoria-based products obtained from different steps of CAP process
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Fig. 23 Flow sheets of different processes

8 Thorium Irradiation Experience in Indian Nuclear
Reactors

Thorium as the fuel has been used in nuclear reactors since the 1960s worldwide
(Table 8). Flux flattening in PHWRs was carried out by using thoria bundles. U-233
fuel has been used in the research reactor KAMINI in India. The Shippingport is the
first reactor which demonstrated breeding of 233-U with a conversion/breeding ratio
~1.03%.

8.1 Irradiation Experience of Thorium in India

India has a steady programme for utilization of thorium as part of the requirement
for its three-stage programme. To this end, research activities have been initiated in
every aspect of the thorium fuel technology.

• CIRUS: Thoria rods (J-rods) were irradiated in CIRUS research reactor in the
reflector region to produce U-233. The J-rods were having about ∼2–3 ppm of
U-232 [17].
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Table 8 Thorium-based reactors worldwide [18]

Reactor Type Power Fuel Operation period

Pebble bed AVR,
Julich, Germany

HTGR 15 MWe Th+HEU 1967–1988

Dragon,
Winfrith, UK

HTGR 20 MWth Th+HEU 1964–1973

Peach Bottom,
USA

HTGR 110 MWth Th+HEU 1967–1974

KAMINI, India MTR thermal 30 kWth 233U-Al alloy 1996–till date

SUSPOP/KSTR,
the Netherlands

Aqueous
homogenous
suspension

1 MWth Th+HEU 1974–1977

MSRE
ORNL, USA

Molten fluorides 7.5 MWth 1964–1969

THTR, Germany HTGR 300 Mwe Th+HEU
(pebble type)

1983–1989

Fort St. Vrain,
USA

HTGR 330 Mwe Th+HEU (prism
type)

1976–1989

Shippingport,
USA

PWR 100 Mwe Th+235U/Th+
Pu

1977–1982

• PURNIMA-II (1984–1986): Handling experience of U-233 was obtained in
PURNIMA-II facility, wherein experiments were performed with uranyl nitrate
solution containing U-233 reflected by BeO blocks [19].

• PURNIMA-III (1990–93): Important physics parameters for design of KAMINI
reactor with U-233 as fuel were generated in PURNIMA-III facility by conducting
several experiments with 233U-Al dispersion fuel in the form of plates [19]. In this
facility, BeO canned with Zircaloy was used as reflector and void and temperature
coefficient of reactivities were measured.

• KAMINI: This reactor was commissioned in IGCAR at Kalpakkam in 1996 with
U-233 as fuel in the form of plates of U-Al alloy [19]. It is a small reactor with
30 kWth power and has very high flux to power ratio. The reactor serves for neutron
radiography of fuel of fast breeder test reactor (FBTR).

• Thorium for flux flattening in PHWR: In the fresh core of 220MWe Indian PHWRs
with all natural uranium fuel bundles, there was a limit on the maximum power
that could be obtained from this reactor due to flux peaking with the initial core.
As a result, there was a delay of ~100 FPD of operation to reach full power. This
problem was overcome by flattening the flux using thoria bundles without any loss
of burnup in UO2 fuel and without compromising the worth of shutdown systems
[20]. Figure 24 shows the loading pattern of thoria fuel bundles in the reactor
core. These were accomplished first in 1991 at KAPS-1, subsequently in KAPS-2,
KGS-1 and KGS-2, and RAPP-3 and RAPP-4.
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Fig. 24 Initial fuel loading with 35 thoria bundles in PHWR [8]

8.2 U-233 Production in Fast Breeder Test Reactor

For the production of U-233, thoria subassemblies (SAs) were loaded beyond the
active core beginning from the sixth ring to twelfth ring in FBTR [21]. In Table 9,
the annual production rate of U-233 is given. The first row in the table indicates the
amount ofU-233generated in each of the rings, starting from the sixth ring and ending
in the twelfth ring. The subsequent rows correspond to the U-233 production when
blanket SAs are loaded from the seventh, eighth andninth to twelfth ring, respectively.
In the inner rings, though the total number of subassemblies is low, the production is
higher as the neutron flux is higher. The presence of thoria blanket subassemblies in
one ring shields the assemblies in the subsequent rings. In shifting the beginning of
the blanket region from the sixth ring to the ninth ring, the production rate is nearly
halved. Moreover, an advantage of the inner ring of blanket subassemblies is that
the concentration of U-233 is higher; that is, less number of subassemblies has to be
reprocessed to acquire the same amount of U-233.

Table 9 Production of U-233 (kg) in various rings in 1 year [21]

6 7 8 9 10 11 12 Total

1.9787 1.71 1.4749 1.2375 1.0151 0.8274 0.7172 8.9608

1.9306 1.5609 1.2963 1.0618 0.8673 0.7527 7.4696

1.7583 1.3702 1.117 0.9135 0.7957 5.9547

1.5135 1.1701 0.954 0.8312 4.4688
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Table 10 Production of
U-232 (ppm) in various rings
in 1 year [21]

6 7 8 9 10 11 12

55.94 29.32 15.63 8.61 4.88 2.86 1.69

26.43 13.84 7.37 4.07 2.36 1.35

12.11 6.56 3.49 1.96 1.10

5.71 3.19 1.73 0.98

In Table 10, respective U-232 content (in ppm) in U-233 for the results presented
in Table 9 is given. The U-232 content is lower in the outer rings. The faster spectrum
of FBTR results in lesser U-232 production.

TheU-233yield (in gram) per subassembly per full-power year (FPY) of operation
is shown in Fig. 25 for various blanket configurations [21]. The blue bars indicate
the yield in different rings if blanket subassemblies (BSAs) are loaded from the
sixth ring to the twelfth ring. Similarly, a red bar indicates the yield if thoria BSAs
are loaded from the seventh ring. Yellow- and violet-coloured bars correspond to
loading BSAs from the eighth and ninth rings, respectively. The production rate
varies from 60 g/FPY for the sixth ring subassemblies to 15 g/FPY for the twelfth
ring subassemblies. In terms of the total mass, FBTR can generate 9.8 kg/FPY of
U-233 if blanket region extends from the sixth to twelfth rings. It is worthmentioning
that the peak U-232 content is limited to 240 ppm in uranium in the sixth ring blanket
SAs and 6 ppm in the twelfth ring BSAs after irradiated for five FPYs. Depending on
the configuration, the U-232 content averaged over the blanket region is calculated
to be as low as 20 ppm.

Fig. 25 U-233 production per full-power year in different cases [21]
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Table 11 Net U233 production [21]

Blanket region
beginning ring

Total number of BSAs U-233 (kg) Number of additional
fuel SAs required

6 378 46 5

7 342 38.5 3

8 300 30.7 1

9 252 23.2 –

The maximum U-233 that can be generated in FBTR is dependent on how long
the BSAs can reside in the core. Residence time of the BSAs is limited by their
peak LHR (limited to 137 W/cm) and heat deposition in the nearby stainless steel
reflector subassemblies. Based on these criteria, the residence time for the BSAs in
any configuration will be in excess of five FPYs. At the end of five FPYs, the U-232
content (in ppm) becomes five times that present at the end of one FPY. In spite of
this, it is seen that loading from the eighth ring still leads to U-232 content being
limited to 60 ppm. The net U-233 generated in the blanket region of FBTR at the end
of five FPYs of operation and the number of additional fuel subassemblies required
are given in Table 11.

9 Post Irradiation Examination (PIE)

Thoria-based fuel clusters, AC-6 and BC-8, were fabricated, irradiated and examined
in Trombay [22].

9.1 PIE of AC-6 Cluster

The AC-6 cluster contains six pins of ThO2 + 4% PuO2 irradiated up to
18,500MWd/TeHMburnup for 2 years. Details of PIE included both non-destructive
tests and destructive tests as given in Table 12. Details of the irradiation conditions
are given in Table 13. Calibration was carried out by Cs-137 and Co-60 sources. The
spectra obtained showed the presence of Cs-137, Cs-134, Eu-154, Tl-208, etc. [22],
with higher counts of Cs-137 near the top and bottom portion of the elements, which
could be due to migration of some caesium to these regions since they are relatively
cooler.



Thorium Technology Development in an Indian Perspective 53

Table 12 Details of tests conducted for PIE [22]

Non-destructive testing Destructive testing

• Visual examination
• Diameter measurement
• Leak testing (liquid nitrogen and alcohol
leak test)

• Ultrasonic testing
• Eddy current testing
• Gamma scanning

• Fission gas analysis (released fission gases)
• Metallographic examination
– Optical metallography
– SEM studies
– α and β-γ autoradiography

Table 13 Details of test conditions for PIE [22]

Thermal neutron
flux

Temperature of
the coolant

Pressure of the
coolant

Peak burnup Peak rating

5 × 1013 n/cm2/s 240 °C 105 kg/cm2 18,500
(MWd/Te)

40 (kW/m)

9.2 PIE of BC-8 Cluster [22]

In BC-8 cluster, two tiers (6+6 mixed pins) were irradiated successfully to ~10,000
MWd/Te HM burnup. The Cs137 counts of these fuel pins were found to increase
towards the reactor centre and follow the flux profile in the reactor as shown in
Fig. 26. Average diameter of the fuel pins from BC-8 cluster, before and after
irradiation, is shown in Fig. 27 and is found to be changed. The fission gas release
during irradiation is shown in Table 14 and found to be very small [22].

Fig. 26 Cs counts along the length of pin in BC-8 cluster [22]
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Fig. 27 Measured diameter of fuel pins before and after irradiation [22]

Table 14 Fission gas release during irradiation

Pin nos. Fuel composition Burnup
(GWd/t)

Fission gas
generated
(cc)

Internal
pressure
(atm)

Volume of
fission
gases at
STP (cc)

% FGR

M-01 (U-3%Pu)O2 6.9 150 1.33 0.07 0.05

M-02 (U-3%Pu)O2 8.0 182 1.59 0.03 0.02

P-01 (Th-6.75%Pu)O2 10.8 217 2.87 0.75 0.35

P-02 (Th-6.75%Pu)O2 8.1 163 1.52 0.87 0.54

U-01 UO2 2.5 58 1.99 0.02 0.03

U-02 UO2 2.9 67 1.40 0.02 0.03

10 Utilization of Thorium in Indian NPPs

10.1 Utilization of Thorium in PHWRs

As seen before, India has a rich experience of burning thorium inPHWRs. In addition,
a lot of research were conducted for studying the feasibility of introducing thorium
in Indian PHWRs with different options such as: at core level wherein pure thoria
bundles can be placed at desired locations in the core, at channel level wherein some
channels can be fuelled with enriched U or Pu while thorium is put in separate
channels (seed and blanket type), at bundle level wherein fissile-enriched uranium
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Table 15 Reduction in uranium requirement in PHWR deploying thorium [23]

OTC—all
natural uranium

OTC-3% enriched
uranium+Th

Recycled U+Th+
external fissile feed 4
gm/kg

Burnup (MWd/T) 7200 60,000 25,000

Annual natural uranium
requirement (tons) per
Gwe

170 120 39

Annual fissile material
in discharge fuel (kg)
per Gwe

600 kg
plutonium

210 kgU233

or plutonium can be introduced in some fuel pins and fertile thorium in other pins,
and at pin level wherein thorium is mixed in all the fuel pins.

Option 1: Th with Enriched U235 in PHWR
Studies [23] revealed that use of 30 wt% of U235 (10% enriched) mixed with Th in
all fuel pins results in a burnup of ~60,000 MWd/T with an annual saving of nearly
50 tons (30%) of natural uranium per GWe compared to normal all natural uranium.
This results in annual consumption of ~600 kg of U235, and production of ~200 kg
of U233 for a 1 GWe capacity plant.

Option 2: (Th + U233) MOX in Inner Three Rings and (Th + Pu) MOX in Outer
Most Ring in PHWR Fuel Bundle
In this case, 3% U233 with thorium is put in the inner three rings to reduce U233

requirement and 1.5 wt% Pu with thorium is put in the outer most ring [23]. A
burnup of nearly 20,000 MWd/T is achieved with U233 in self-sustaining mode [23].
Plutonium is completely burnt out (plutonium burner) which needs to be supplied
externally.

Option 3: Targeting Larger Saving of Natural Uranium
One GWe yr requires ~170 tons (Table 15) of natural uranium in PHWRs. To have a
larger saving of uranium, in the first cycle, thorium can be burnt with 2.4% U235 and
subsequent cycles with reprocessed uranium+Th+external fissile feed.

10.2 Utilization of Thorium in Advanced Reactors

Apart from PHWRs, India has launched a dedicated R&D programme for utilization
of thorium for large-scale power production in advanced nuclear reactors such as
AHWR, HTRs and MSRs.

AHWR
AHWR is an advanced reactor with 300 MWe capacity, employing the established
pressure tube technology of heavy water reactors and several passive safety systems
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Fig. 28 General arrangement of AHWR

so as to have almost no impact in public domain due to any accident. Unlike the
PHWRs, this reactor uses boiling light water as coolant in vertical channels. Heavy
water is used as moderator similar to that of PHWRs. Another major objective of
this reactor is to produce a significantly large fraction of power from thorium using
a combination of (U233-Th)O2 and (Pu–Th)O2 fuel, while U-233 remains inside the
core in a self-sustained mode, i.e. without any external feed in equilibrium cycle.
Figure 28 shows a conceptual design of the reactor systems.

The fuel cluster of AHWR consists of 54 fuel pins with 12 pins in the inner ring,
18 pins in the intermediate ring and 24 pins in the outer ring. The fuel pins in the
outer ring have (Th–Pu)O2 fuel, and the fuel pins in the inner and intermediate rings
have (Th-233U)O2 fuel [24] as shown in Fig. 29.

The fission heat from the core is removed by thermosyphon not only during normal
operation of the reactor but also during all transients and accidents; this enhances the
passive safety of the reactor. In addition,AHWRdesign employs several other passive
systems such as isolation condenser for removal of decay heat during SBO conditions
(Fig. 30), passive injection of ECCS water during LOCA, cooling of moderator and
endshield by passive means in case of SBO, passive cooling of containment. To
mitigate an extended SBO conditions, a large pool of water (8000 m3 capacity) is
located inside the primary containment, which can remove decay heat by passive
means for more than 100 days.

The AHWR design has the flexibility to burn not only Pu-based thorium oxide
fuel (AHWR reference core) but also LEU-based thorium oxide fuel [8]. Both types
of fuels have favourable neutronic properties as given in Table 16. The reactor is
designed to produce 60% power from thorium at a burnup of 40 GWd/Te in AHWR
with closed fuel cycle for reference core, and the power fraction from 233U/Th in the
AHWR-LEU at discharge burnup of 60 GWd/Te is about 38% [8].
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(Th-233 U)O2 pins

(Th-Pu)O2 pins

Water rod

(Dy2O3-ZrO2) rod

Fig. 29 AHWR fuel cluster assembly

For AHWR-LEU, the annual requirement of thorium is about 4.19 Tons and that
of uranium is about 1.17 tons which contains 230 kg of fissile U235. Annual discharge
fuel contains 63 kg of U233, 16 kg of plutonium and 22 kg of U235. The presence of
U232 makes it proliferation resistance, and the presence of U238 makesU233 denatured
[25].

AHWR-LEU also provides a better utilization of natural uranium (Fig. 31) as a
result of a significant fraction of the energy extracted by fission of U-233 converted
in situ from the thorium fertile host as compared to PHWRs and modern LWRs.
With high burnup possible today, LEU–thorium fuel can lead to better/comparable
utilization of mined uranium [9].

In addition to the above-mentioned passive safety systems, Post Fukushima, mit-
igatory systems against core meltdown accidents have been incorporated in AHWR
design which include containment filtered vent system for ensuring containment
integrity and no activity release into the environment, core catcher for cooling corium
and PARs for hydrogen mitigation

Indian High Temperature Reactor Programme
India is having a well-defined high-temperature reactor programme. Three reactors,
viz. CHTR, IHTR and IMSBR, are being designed under the programme.

The Indian CHTR is a 100 kWth reactor utilizing thorium fuel with U-233 as
fissile feed. The coolant is lead-bismuth eutectic alloy, and moderator is beryllium
oxide [18]. The life of the core is 15 effective full-power years. In addition to burn-
ing thorium, CHTR design has several passive safety features. The coolant outlet
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Fig. 30 Schematic of passive decay heat removal system of AHWR

temperature from the core is 1000 °C which enables not only hydrogen production
from water but also other process applications. Table 17 provides important design
parameters of CHTR. Schematic of the reactor is given in Fig. 32.

The Indian High Temperature Reactor is a 600 MWth reactor with 1000 °C tem-
peratures. It is a pebble bed reactor, designed to operate with TRISO-coated fuel
particles and molten salt coolant as coolant. The objective is to produce hydrogen,
electricity and desalination water [18]. Natural circulation of coolant for reactor heat
removal under normal operation is the mode of heat removal. Figure 33 shows the
details of the reactor systems.

The Indian MSBR is designed with the following objectives [18]: apart from
using thorium in a self-sustained 233U-Th equilibrium cycle, it has several inherent
safety features. Tomeet India’s large energy demand, it is envisaged to deploy several
such reactors in the third stage of India’s nuclear power programme. In addition to
reduction in use of fissile materials in the reactor, it is envisaged to have minimum
waste production and avoid graphite and beryllium and beryllium-based salts.

Two design concepts are being considered for possible core configuration of
IMSBR [26], i.e. loop type in which a smaller core with fuel and coolant salts as
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Table 16 Neutronic characteristics of AHWR design [8]

Parameters AHWR reference AHWR -LEU

Fuel type/no. of pins in

Ring 1 (10 fuel pins) (Th, Pu) MOX/6% Pu (Th, LEU) MOX/30% LEU

Ring 1 (2 fuel pins) (Th, Pu) MOX/6% Pu and 2% Gd (Th, LEU) MOX/30% LEU
and 5% Gd

Ring 2 (18 fuel pins) (Th, Pu) MOX/3.75% Pu (Th, LEU) MOX/24% LEU

Ring 3 (24 fuel pins, axial
gradation)

(Th, U) MOX
Bottom: 3.7% U (80% fissile)
Top: 3.3% U (80% fissile)

(Th, LEU) MOX
Bottom: 18% LEU
Top: 14% LEU

No. of control rods
(AR/RR/SR), worth, mk

24 (8 each) 10.8/11.1/10.5 24 (8 each) 12.2/12.8/9.4

RR worth in nominal
configuration, mk

6.4 6.8

Shutdown system-1,
worth(mk)/no. of SOR
Worth when 2 max. worth
rods not available, mk

−69.4 (37 SOR)
−49.2 (35 SOR)

−78.8 (45 SOR)
−56.0 (43 SOR)

Power from thorium 61% 38%

Reactivity coefficients:

Fuel temperature, �k/k/°K −21.2×10−6 −25.5×10−6

Channel temperature,
�k/k/°K

+16.1×10−6 −29.9×10−6

Void coefficient (0.45 to
0.0 g/cc), �k/k/% void

−120.0×10−6 −25.0×10−6

Moderator temperature,
�k/k/°K

+29.6×10−6 −17.4×10−6

one salt flowing out of the core in external circuits and coming back. The second is
a pool type in which the core is submerged in a pool of molten fuel/coolant salt.

Loop-type design has the following features [26]:

• Fuel salt: LiF (77.6%)-ThF4 (19.7%)-233UF4 (2.7%)
• Blanket salt: LiF (77.6%)-ThF4 (22.4%)
• Core dimension (m): 2 × 2
• Power: 1900 MWth/850 MWe

• Power density: 300 Wth/cm3

• Breeding ratio: 1.09
• Initial fissile inventory: 3.8 T (4.27 T/GWe)
• Forced circulation.

Table 18 shows physics design details of a loop-type design configuration [8].
The design details of pool-type concept are given below [8]:

• Fuel salt: LiF (77.6%)-ThF4 (19.7%)-233UF4 (2.7%)
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Fig. 31 Comparison of
mined uranium consumption
for different thermal reactors

• Blanket salt: LiF (77.6%)-ThF4 (22.4%)
• Core dimension (m): 2 m × 2 m
• Power: 1900 MWth/850 MWe

• Power density: 300 Wth/cm3

• Breeding ratio: 1.1
• Initial fissile inventory: 5.4 T (6.1 T/GWe)
• Natural circulation.

Table 19 shows physics design details of a pool-type design configuration [8].

11 Accelerator-Driven Systems (ADS) for Thorium
Utilization

In 1995, Prof Carlo Rubia proposed an “Accelerator-Driven subcritical reactor
System (ADS)” (Fig. 34) for utilization of thorium for nuclear energy generation
[27] which can also be used for incineration of minor actinides and transmutation of
radioactive fission products [28]. This has generated a lot of interest in ADS. ADS
is a new type of reactor which produces power even though it remains subcritical
throughout its life. Subcritical reactors produce fewer neutrons by fission than are
lost by absorption and leakage, and require an external supply of neutrons tomaintain
a constant reactor power. This external neutron supply comes from the interaction
of a high-energy proton beam with a heavy nucleus such as lead through spallation
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Table 17 Major design and operating characteristics of CHTR [18]

Attributes Design parameters

Reactor power 100 kWth

Core configuration Vertical, prismatic block type

Fuel U-233 and thorium-based TRISO-coated fuel particles shaped
into fuel compacts with graphite matrix

Fuel enrichment by 233 U 33.75%

Refuelling interval 15 effective full-power years

Fuel burnup ≈68,000 MWd/t of heavy metal

Moderator BeO

Reflector Partly BeO and partly graphite

Coolant Molten Pb–Bi eutectic alloy (44.5% Pb and 55.5% Bi)

Mode of core heat removal Natural circulation of coolant

Coolant flow rate through
core

6.7 kg/s

Coolant inlet temperature 900 °C

Coolant outlet temperature 1000 °C

Loop height 1.4 m (actual length of the fuel tube)

Core diameter 1.27 m

Core height 1.0 m (height of the fuelled part and axial reflectors)

Primary shutdown system Mechanical shut-off rods

Secondary shutdown system Out of core axial movement of movable BeO reflector blocks

Table 18 Physics design details of loop-type design

Composition:
LiF-ThF4-UF4

He (% mol)
(%)

keff ICR_fuel ICR_blanket ICR_total

77.6%–19.9%–2.5% 0 0.9975 0.988 0.092 1.08

77.6%–19.9%–2.5% 0.5 1.0006 0.979 0.086 1.065

77.6%–19.7%–2.7% 0 1.0428 0.998 0.093 1.091

77.6%–19.7%–2.7% 0.5 1.0447 0.989 0.089 1.078

77.6%–19.4%–3.0% 0 1.1024 1.011 0.097 1.108

Table 19 Physics design details of pool-type design

Composition:
LiF-ThF4-UF4

He (% mol) keff ICR (fuel) ICR
(blanket)

ICR (total)

77.6%–19.9%–2.5% 0 0.9852 0.962 0.150 1.112

77.6%–19.7%–2.7% 0 1.0288 0.972 0.153 1.125

77.6%–19.4%–3.0% 0 1.0872 0.988 0.155 1.143

77.6%–19.9%–2.5% 0.5 0.9872 0.953 0.142 1.095
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Fig. 32 Schematic of CHTR
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Fig. 33 Details of IHTR
[18]

ACCELERATOR DRIVEN ENERGY AMPLIFIER
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Fig. 34 Schematic of accelerator-driven energy amplifier

reaction. The power level in an ADS is higher for stronger external sources (higher
accelerator currents and suitable beam energies) and for reactors which have keff ~1.

India has large resources of thorium which forms an important part of its thorium
utilization for future nuclear energy generation [29]. In ADS, the accelerator delivers
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Spallation reaction of high-enrgy proton with lead nucleus

Fig. 35 Schematic of accelerator-driven system

additional neutrons over and above those coming from fission. Moreover, long-term
reactivity changes due to burnup are not controlled using parasitic absorber rods. The
ADS is, therefore, expected to possess superior breeding characteristics as compared
to critical reactors. Being a new type of reactor, the ADS requires the development
of several technologies related to high-power accelerators, removal of the intense
heat generated by the interaction of the high-power proton beam with the target,
subcritical reactor and associated materials development.

An ADS consists mainly of three components, namely a high-intensity proton
accelerator, a spallation target and a subcritical reactor. The high-intensity proton
accelerator is coupled to the subcritical reactor through spallation target as shown
in Fig. 35. The practical realization of ADS requires the development of a high-
energy (∼1 GeV) and high-current (few 10 s mA) proton accelerator to produce the
intense spallation neutron source required to drive the subcritical reactor. In order to
provide uninterrupted beam power to the spallation target, over long period of time
accelerator needs to be stable, reliable and rugged. The efficiency for conversion of
electric power to beam power should be as high as possible (>40%). Accelerators
using superconducting structures could meet these requirements very easily. The
beam loss in the accelerator must be less than 1 W/m (~1 nA/m) so that hands-on
maintenance of the accelerator components can be safely done. In order to avoid
undesirable thermal shocks to the fuel elements, the operation of accelerator should
operate in nearly CW mode. In high-current proton accelerators, the dominance of
space charge effects at lower energies (<10–20 MeV) causes beam loss and also
initiates oscillatory particle motions that appear later as a beam halo in the high-
energy sections. The beam halo is the dominant particle loss mechanism resulting in
severe activation of components in the linac and is closely connected to the emittance
mismatch in the low-energy sections of the accelerating structure. For these reasons,
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Fig. 36 Road map for accelerator development for Indian ADS

it is very important for beam to smoothly move across segments in the low-energy
injector sections. In view of this, it is envisioned that 1 GeV accelerator for ADS be
pursued in three phases, namely 20 MeV, 200 MeV and 1 GeV [30, 31]. The most
challenging part of this CW proton accelerator is the development of the low-energy
injector, typically 10–20 MeV. Therefore, BARC has initiated the development of
a low-energy (20 MeV) high-intensity (30 mA) proton accelerator called LEHIPA
[32] as the front-end injector of the 1 GeV accelerator for the ADS programme. In
LEHIPA, the proton beams extracted at 50 keV from the 2.45 GHz ECR ion source
are injected into a 3 MeV radio frequency quadrupole (RFQ) [33] and a 20 MeV
drift tube linac (DTL) [34]. The low-energy beam transport (LEBT) and medium-
energy beam transport (MEBT) lines match the beam from the ion source to RFQ and
from RFQ to DTL, respectively. The operating frequency of LEHIPA is 352.2 MHz
which was chosen due to the availability of power sources. The main criterion for the
design of the linac is to have minimum beam loss (<1W/m). The layout of the 1 GeV
accelerator for Indian ADS (including 20 MeV LEHIPA) is shown in Fig. 36. The
LEHIPA is under commissioning process which will be a unique facility for beam
studies at low energies.

In Indian ADS programme, lead-bismuth eutectic (LBE) is being used for spal-
lation target for which both window and windowless options have been considered.
Experimental studies related to the development of the spallation target andmaterials
are also pursued at BARC [35]. Computer codes have been developed for thermal
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hydraulics for LBE target simulations. Experimental loops for validation of thermal
hydraulics codes and corrosion studies on window materials have been built and
will be operational very soon. Initially, studies are being done using 30 MeV proton
beams from a high-current cyclotron at Kolkata.

It is proposed to use one-way coupled reactor system in Indian ADS programme,
which allows considerable reduction in the beam current [36]. In this system, two
subcritical cores are used. The inner core is subcritical fast reactor with thermal neu-
tron absorber liner surrounded by a gap, and outer core is subcritical thermal reactor.
The neutrons leaking from inner core can go to thermal core and get multiplied.
However, neutron from thermal reactor cannot go to inner core due to absorber liner
that is why it is called one-way coupled system.

12 Reprocessing Experiences in Thorium Fuel Cycle
in India

12.1 Experience in Research Reactor-Irradiated Thoria
Reprocessing

Irradiation of thorium and thoria in research reactor was started in 1960 in India. Sep-
aration of 233U from irradiated thoriawas achieved in the year 1970 at pilot plant scale
employingTHOREXprocess [37]. Solvent extraction-basedprocessflowsheetswere
developed and deployed for the selective recovery of 233U. Since recovery of 233Uwas
important during initial period, lower percentage of TBP (5% in odourless kerosene)
was adopted. The pilot plant at BARC essentially comprised of, a dissolver cell for
rod charging, decladding and dissolution operation and a series of glove boxes for
solvent extraction, product concentration, precipitation, ion-exchange purification,
etc. Since aluminium was the clad material, chemical decladding using alkali was
adopted. The thoria was then dissolved in nitric acid containing sodium fluoride and
aluminiumnitrate solution. The complete dissolution could be achieved in about 12 h,
and the resultant solution had Th concentration of ~200 g/L with an acidity of ~4M
having ~0.12% 233U. As the irradiationwas carried out in research reactor having low
flux, activities due to fission products and 232U content were low. Therefore, entire
operation comprising of separation, concentration and ion-exchange purification of
233U was carried out sequentially arranged inside glove boxes.

The uranium product was then concentrated and purified by anion-exchange
method. For carrying out separation by anion exchange, it was necessary to have
uranium in chloride medium free from nitrate ions. Since concentrated uranium
solution contained a large amount of nitrate, uranium and thorium in the solution
were first precipitated with ammonia, and the precipitate washed free of nitrate ions
and then dissolved in concentrated HCl. The solution was conditioned to ~8M HCl
and loaded on a preconditioned anion-exchange column. The uranium-loaded col-
umn was washed using 8M hydrochloric acid for removing thorium. The 233U was
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then eluted in 0.5MHNO3. The eluted product contained pure 233Uwith a few ppmof
Th contamination. The product solution of 233U was then precipitated with ammonia
solution and filtered and washed to remove ammonium salts. Ammonium diuranate
thus obtained was transferred to silica muffle and ignited at 850 °C to get U3O8. This
was followed by setting up of another pilot facility at Kalpakkam to validate the flow
sheet employed in the first facility. These facilities had provided good experience to
develop THOREX process to a more robust process. 233U recovered from the initial
campaigns was used for fuelling KAMINI reactor.

The recovery of 233U from irradiated thoria was followed by several developmen-
tal studies. The major areas covered were: (a) removal of bulk thorium from 233U
product, (b) final purification of the 233U, (c) testing of the equipment, (d) thoria-
based fuel dissolution studies, (e) material development for thorium fuel cycle and
(f) waste management issues.

Summary on some of these areas is described below.

12.1.1 Studies to Improve the Decontamination of 233U Product

During the operation of initial facilities, 233U product often contained significant
quantity of thorium requiring additional steps for purification. Solvent extraction
data under varying experimental conditions were generated [38]. The feed used
in the studies covered Th concentration range from 50 to 250 g/L, U from 0.50 to
15 g/L and acidity from1.00 to 4.00MHNO3. These datawere used for evaluation of a
number of theoretical stages for the given flow sheet conditions. Based on the results,
two separation schemes were proposed. Each scheme was tested using air-pulsed
mixer-settlers containing 20 stages. The feed acidity wasmaintained at 4.00M during
extraction, and 2.00M HNO3 was used as scrub. During experiments, 12–14 stages
were employed for uranium extraction and 6–8 stages for scrubbing the thorium. The
feed used in these experiments contained 200 g/L Th with 0.12% U. The flow rates
of aqueous feed, organic and scrub for these two schemes were maintained at 1:2:0.6
and 1:1:0.3, respectively. Under such experimental conditions, it was possible to get
uranium-loaded organic phase containing only ~5–10% Th. To improve the product
purity with respect to Th, more number of scrub stages were required. Counter-
current experiments using laboratory scale mixer-settler units were also conducted
using lower percentage of TBP (2 and 3% in n-dodecane). These experiments, carried
out under different feed conditions, provided the possibility of Th removal from
uranium-bearing organic phase. Results showed good decontamination factor with
respect to thorium [39].

12.1.2 Tail-End Purification of 233U

(i) Ion Exchange in Acetic Acid
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In the pilot plant at BARC, the tail-end purification of 233U from Th was carried
out by anion-exchange method from chloride medium in lead-shielded glove boxes.
This method had certain disadvantages like corrosion of the process equipment,
poor decontamination factor with respect to iron and gassing of the resin column,
but gave excellent decontamination with respect to Th. As an alternate to chloride,
acetate mediumwas also considered as uranium is known to form anionic complexes
in acetate medium [40]. Feed preparation in this method is little cumbersome. While
preparing the feed solution in acetate medium, thorium and uranium are first pre-
cipitated with NH4OH. The precipitate is washed with water to make it free from
NO3

− ions. The amount of water taken should be at least 200 mL per gram of
thorium present. Acetic acid (~50% solution) is then added slowly till the solution
acquires a pH of about 2.5. The free acetic acid concentration at this stage is found in
between 2 and 3M. Uranium forms three predominant species in aqueous acetic acid
medium. In 0.50 M acetic acid and above, it exists mainly as UO2(OAC)

−
3 . When

Th(OH)4 comes in contact with concentrated acetic acid, most of it gets converted
to tetra acetate which has low solubility in concentrated acetic acid. The Kd values
for uranium in Dowex 1×4 (acetate form) decrease with increase in free acetate
concentration. The presence of thorium has no effect on uranium loading. Column is
loaded to 30–60% capacity with respect to uranium and washed with 2.00M acetic
acid to remove Th. Uranium is finally eluted quantitatively using 0.50M HNO3. The
thorium contamination in the product was found in the range of 50–150 ppm.

(ii) Cation Exchange in Nitric Acid

A method involving cation-exchange resin was also studied [41]. The method
involves preferential exchange of Th4+ ions over UO2+ on the resin column from
a feed solution containing thorium and uranium at 0.50M HNO3. This yields an
effluent stream almost free from Th containing >99% 233U. Separation of thorium
from uranium is found satisfactory when feed and elution acidities are chosen appro-
priately. Purity of uranium was found better when the thorium was loaded to only
~60% of the resin capacity. Cation exchanger, Dowex 50W×8, was found more
suitable for this purpose. The feed solutions used in these experiments had thorium
concentration of ~1.00 g/L at 0.50M HNO3 with varying concentrations of uranium
in the range of 0.30–3.00 g/L. Depending upon the thorium loading on the column,
dilute nitric acid (1–2M) was used as eluent. When loading was ~60% of the resin
capacity by Th4+ ions, 1MHNO3 was chosen for elution of uranium. However, when
loading was less than 30%, the elution was preferred with 1MHNO3 which required
larger volumes, resulting in a productwith low concentration. Elutionwith 2MHNO3

generated a product with relatively higher in uranium concentration. The 233U prod-
uct solution containing low nitric acid from the solvent extraction cycle was found
suitable as feed for the final purification by ion exchange. It was also observed that
processing rates depend on Th content in the feed solution that varies from batch to
batch. After preferential washing out uranium, bulk of the Th from the ion-exchange
column was eluted using 4.00M HNO3. Removal of thorium from the column with
nitric acid alone was not very simple which was solved by the use of Dowex 50W×
4 having less cross-linking [42].
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(iii) Oxalate Precipitation

A laboratory scale precipitation method was developed for the purification of ura-
nium from thorium [43]. The two-step precipitation method involves the precipita-
tion of thorium as oxalate in the first step from a feed solution containing uranium
and thorium at 1.0M HNO3. Under experimental conditions, uranium remains in
the supernatant. Th as thorium oxalate precipitate is separated by filtration. In the
second step, uranium from supernatant is precipitated as ammonium diuranate using
ammonia solution as precipitant. In order tomeet varying feed conditions, themethod
was tested for feed solution containing varying acidity and thorium in the range of
1–6.00M HNO3 and 1–50 g/L, respectively. Parameters like feed acidities, U and Th
concentrations, excess oxalic acid concentrations in the supernatant, precipitation
temperatures, precipitate wash volumes were optimized to obtain near quantitative
recovery of uranium and thoriumwith less than 50 ppm uranium losses to ammonium
diuranate filtrate. Results indicate that the optimum concentration of nitric acid in
the feed should be about 1.00M, and concentration of uranium should not exceed
10 g/L. However, acidities up to 5M HNO3 could be tolerated in the feed. The free
oxalic acid concentration should be restricted to 0.1M. The distribution patterns of
different fission products and stainless steel corrosion products during various steps
of this process are also studied. Separated thorium oxalate could either be converted
to oxide or be recycled back to process after dissolution in nitric acid. The supernatant
could be treated appropriately prior to its final disposal. The uranium oxide obtained
had good purity. Laboratory experiments with 25 and 100 g lot uranium yielded
products confirming the suitability of the method. The technique was deployed in
the THOREX campaigns later at Kalpakkam. The process was further improved by
adding one more precipitation step for decontamination of uranium product with
respect to iron impurity [44].

12.1.3 Equipment Qualification

Another pilot plant operated in this domain at IGCAR, Kalpakkam, to test the equip-
ment systems that were developed for fast reactor fuel reprocessing [45]. In the
system, necessary instrumentation was provided for remote operation and mainte-
nance. The flow sheet employedwas similar to that used earlier. The final purification
was carried out by improved precipitation technique described above. The perfor-
mance of equipment with respect to capacity and efficiency was quite satisfactory.
The decontamination factors with respect to fission products and thorium were also
found satisfactory. The equipment operated and maintained remotely. Considerable
experience was gained in handling radioactivity, remote maintenance and trouble
shooting in radioactive environment. Efforts to avoid pumps in radioactive envi-
ronment by using alternative techniques were also successful. Electrically operated
systems also could be avoided in remotely maintained radioactive cell. Feedback
from the experience of using remote-handling equipment helped to refine design for
future programme.
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12.1.4 Thoria Dissolution Studies

Numerous investigations of thoria dissolution in HF-HNO3 mixtures had also been
made with and without aluminium nitrate with thoria pellets of different prepara-
tive histories. The study conducted in the laboratory was restricted to two dissolvent
mixtures 13 and 8M HNO3 with 0.1M Al(NO3)3 and two concentrations of HF, 0.03
and 0.05M. In subsequent work, NaF was tried instead of HF since it is easier to
use and is reported to have enhanced dissolution rate. During chop leach process,
because of the presence of fluoride ions, some dissolution of Zircaloy fines can also
be expected. The aim of the study was to establish the lowest acidity and fluoride
ion concentration for dissolving thoria fuels at an acceptable rate with a view of
minimizing the feed adjustment for subsequent solvent extraction cycle in THOREX
process and also to study the rate of corrosion of stainless steel and Zircaloy in
different dissolvent mixtures. Thoria used for study was sintered pellets (1680 °C),
green pellets and MgO-doped (0.5–2.5%) sintered pellets. In order to study uniform
corrosion, intergranular corrosion, weldments and stress corrosion of SS304L, SS
coupons of standard along with coupons of Zircaloy tube cladding were placed in the
dissolvent mixture during dissolution [46]. The sintered pellets with 95% TD were
used. The vessels were heated to the boiling temperature by electrothermal mantle,
which produced agitation throughout the solution while boiling. The volume of the
dissolvent was 250 mL. Approximately, 75 g of thoria was added to have a tho-
rium concentration of ~1.00–1.10M. Appropriate quantities of HF/NaF/Al(NO3)3
were added to make dissolvent of desired strength. The temperature of refluxing was
about 110–115 °C. Samples were drawn at regular intervals to monitor progress of
dissolution. The dissolution studies along with magnesia-doped pellets were con-
ducted in an aqueous medium containing 8.00M HNO3 and 0.03M HF. More than
95% of the dissolution was completed in 13M HNO3 +0.03M HF+0.1M Al(NO3)3
mixture in 92 h, while the time taken for the same in 8MHNO3 +0.03M HF + 0.1 M
Al(NO3)3 mixture was 172 h. In a comparison study conducted with 0.03M of NaF
and 0.03MHF, the dissolution rate in the presence of NaFwas found to bemarginally
higher initially as compared to HF and levelled out at 82% for both after 40 h of
refluxing. But total time taken for complete dissolution was same in both the cases.
Studies on dissolution using HF and NaF at a little higher concentration of 0.05M
showed marginally improved dissolution rate. Studies with magnesia-doped sintered
pellets were conducted in dissolvent containing 8.00M HNO3 +0.03M HF+0.01M
Al(NO3)3. It was found that the dissolution behaviour was significantly influenced by
the presence of magnesia in the thoria pellet. Lower content helped the dissolution,
whereas higher content reduced the dissolution rate. About ~1.5% MgO was found
to be the optimum addition. The corrosion rates of plain SS are welded and stressed,
and ring coupons were also found within the acceptable limits. In all the cases, the
corrosion rate of Zircaloy cladding tube was measured. In the absence of Al(NO3)3
and in the presence of Zircaloy tube, the corrosion rate of SSwas significantly higher.
This showed that the concentration of Zr in solution was not enough to complex free
fluoride ions, and therefore the presence of aluminium nitrate is essential to mini-
mize the corrosion of SS vessel. A sintered (Th-4%Pu)O2 pellet (sintered at 1680 °C,
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Table 20 Thorium lean raffinate from reprocessing

Parameter Value Parameter Value

Volume 18,700 L 137Cs 6.34 mCi/L

Acidity 2.1M HNO3
90Sr 7.5 mCi/L

α 9×10−3 mCi/L 125Sb 9.13×10−3 mCi/L

β 23.25 mCi/L 106Ru 2.92×10−3 mCi/L

Th 0.245 g/L F− 106 mg/L

Al 1.97 g/L Fe 126.65 mg/L

~94% TD) weighing 12.93 g was dissolved in 50 mL of solvent mixture 13M HNO3

+0.03M HF+0.1M Al(NO3)3 [47]. During dissolution, pre-weighed coupons of SS
and Zircaloy-2 of known dimension were also immersed. Samples were drawn after
every 4 h of continuous refluxing at 115 °C. Thorium and plutonium contents were
estimated. After complete dissolution of the pellet, coupons were washed, dried and
weighed for calculating corrosion rate. Results revealed that the dissolution rate was
>50% in first 4 h reaching around 86% after 16 h of refluxing for both Pu and Th.
Later on, dissolution rates slow down and it takes 32 h more for 95% dissolution for
Th. Around the same time, 90% of plutonium was observed to be dissolved. This
was in general agreement with the dissolution behaviour of sintered thoria pellets
reported earlier where the rate of dissolution of thorium slowed downwith increasing
hours of reflux and thorium concentration in the dissolved solution. The fine residue
left behind was treated for further 8 h after which the plutonium dissolution reached
around 94%. However, quantitative dissolution of the pellet was complete in ~44 h.
The corrosion rate of SS was calculated and found well within acceptable limits
(~14 mpy). The final solution had zirconium concentration of about 0.002M which
was calculated by weight loss method. Addition of Al(NO3)3 in thoria dissolvent has
undesirable effects in the subsequent vitrification process of high-level waste which
is generally carried out at a temperature range of ~900–1000 °C. Besides, highly
corrosive nature of fluoride ion, lowering its concentration in the dissolution reac-
tion, was advantageous in reducing the corrosion of dissolver and other plant vessels
and equipment. Detailed studies have been carried out [48], wherein Al(NO3)3 may
not be required to inhibit the corrosion rate when lower concentration of fluoride
is added in the presence of stronger complexing metal ions, viz. Zr(IV) and Th(IV)
which are already present in the system.

12.1.5 Engineering Facilities for Uranium–Thorium Separation

Later in the year 2002, an engineering facility, Uranium–Thorium Separation
Facility (UTSF), was designed and commissioned at Trombay for the processing
and recovery of 233U. The necessary modifications from pilot plants, Trombay and
IGCAR, were incorporated in this facility. Decladding operation was similar to that
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adopted earlier using alkali. Thoria dissolvent, i.e. 13M HNO3 containing 0.1M
Al(NO3)3 and 0.03M NaF, was used for dissolution. Unlike previous campaigns, the
feed after dissolution was found to have acidity in the range of about 5.00–6.00M
HNO3 with comparatively lower Th and 233U. Process flow sheet using 3% TBP in
n-dodecanewas deployed for preferential extraction of 233Uwith lesser co-extraction
of thorium in the organic phase. Specially designed combined airlift mixer-settler
unit (CALMSU) was chosen as solvent extraction contactors. The mixer-settler unit
had 12 stages for extraction (2 modules), 18 stages for scrubbing (3 modules) and
12 stages for stripping (2 modules). In order to get better decontamination with
respect to thorium, more number of stages were provided for scrubbing thorium
from organic phase using nitric acid. Using this single-cycle modified THOREX
process flow sheet, 56 irradiated thoria rods were processed in 8 batches. In the
reconversion laboratory, a pre-concentration step using ammonia as precipitant was
also adopted to concentrate Th and U product received from the plant. This step gave
a concentration factor of about 10. Subsequently, sequential precipitation developed
in-house was adopted for reconversion operation. Th from uranium in concentrated
solution was removed as oxalate in the first step using oxalic acid as precipitant.
The supernatant containing Fe and 233U was subjected to carbonate precipitation
under boiling conditions to remove Fe if any in the second step. Uranyl carbonate
was finally subjected to ammonia precipitation step for uranium recovery. In this
campaign, which lasted for ~2 years, about 800 g 233U of very good isotopic purity
(232U<3 ppm) was recovered. This generated about 10 m3 of THOREX raffinate.
To recover thorium from such raffinate stream, detailed laboratory studies [49] were
undertaken to understand the physicochemical parameters such as solubility of tho-
rium at different concentrations of nitric acid, limiting concentration of thorium in
the organic phase fromTh bearing feed solution at ~5.5MHNO3 using TBP (30–42%
in n-dodecane) to avoid third phase. Extraction and stripping of thorium by TBP in
n-dodecane were carried out using simulated raffinate initially, and based on those
results counter-current extraction and stripping studies were carried out for thorium
recovery. The study established the scheme of extracting thorium from the THOREX
raffinate using 38% TBP in n-dodecane. The limiting organic concentration of tho-
rium under the experimental conditions was found to be well above 30 g/L. Thus, an
organic to aqueous phase ratio of 3:1 was employed for extraction. Counter-current
extraction, scrubbing and stripping under various experimental conditions provide
useful data for designing the flow sheet on an engineering scale operation. Based
on the above studies, a scheme was proposed [50] and deployed for the recovery
of thorium from THOREX raffinate generated during the recovery of 233U from
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research reactor-irradiated thoria rods at UTSF, Trombay, employing TBP (38% in
n-dodecane). The product was subsequently stored as thorium nitrate in one of the
process tanks at 2M HNO3. About 18 m3 thorium lean raffinate (Table 20) was
transferred to Waste Management Plant, Trombay, for further treatment.

12.2 Reprocessing of AHWR Spent Fuel

Discharged fuel from AHWR is expected to contain fissile materials, viz. U233 and
plutonium in the range of ~2–4% of thorium. Closing the fuel cycle for AHWR is
a real challenge to separation scientists and technologists as it involves the separa-
tion of three components, viz. plutonium, inbred uranium and thorium from bulk
of radioactive fission products. Distribution data under different experimental con-
ditions played a very important role in designing solvent extraction-based process
flow sheets for reprocessing spent fuels from reactors. Among the various solvents
proposed for the three-component separation, TBP was found to be most promising
extractant. Based on the experience from THOREX process, a flow sheet employ-
ing TBP (5% in n-dodecane) was developed for three-component separation in our
reprocessing laboratory. Initial data from batch equilibration studies from nitric acid
medium were found to be promising for separating U, Pu and Th. Solvent extraction
parameters such as effect of nitric acid concentration, aqueous to organic phase ratios,
nitric acid concentration for scrubbing of Th, optimization of partitioning agent and
its composition, behaviour of fission products were studied extensively which are
described below.

12.2.1 Batch Equilibration Studies

The distribution ratios of U, Pu and Th in batch mode were determined initially both
from pure nitric acid solution containing Al3+ and F− as well as from simulated feed
solution. The composition of simulated feed solution used is given in Table 21.

Results of distribution ratio as carried out from aqueous nitrate medium as well
as from simulated feed solution in the presence of fission products are given in
Table 22. The distribution ratio values signify that even in the presence of 100 g/L
Th, significant extraction of U is achievable in 5% TBP in n-dodecane as extractant
and though DPu values are slightly lower, extraction can be achieved using higher
organic to aqueous phase ratio in counter-current mode. From the table, it is also
evident that the presence of fission products or metal ions from structural materials
mainly corrosion products do not affect the DAn values to any significant extent.

Though the distribution ratio of Th is much less, significant Th extraction in the
organic phase is expected due to the presence of bulk concentrations ofTh (100g/L) in
the feed solution. To scrub out the co-extracted Th from the organic phase, scrubbing
with different concentrations of nitric acid was studied. The optimized scrub acid



74 A. K. Nayak et al.

Table 21 Composition of simulated feed solution of AHWR spent fuel (average discharge burnup
of 43 Gwd/Te after 5 y cooling)

Elements Concentration
(mg/L)

Elements Concentration
(mg/L)

Elements Concentration
(mg/L)

Pb 0.0174 Y 63.03 Cs 317.3

Ac 8.55E-05 Zr 436.9 Ba 213.67

Th 100.00a Nb 6.24 E-4 La 157.05

Pa 0.67735 Mo 327.99 Ce 325.85

U1 1.474a Tc 94.33 Pr 151.70

Np 0.283 Ru 280.98 Nd 503.2

Pu1 0.725a Rh 38.03 Pm 3.06

Am 0.08a Pd 276.7 Sm 95.4

Cm 0.016a Ag 13.35 Eu 14.1

Ge 0.16 Cd 22.22 Gd 39.5

As 0.064 In 0.132 Tb 0.558

Se 9.86 Sn 9.48 Dy 0.256

Rb 55.44 Sb 1.81 Ho 0.053

Sr 108.97 Te 79.38 Er 0.0187

aIn g/L, U and Pu were added appropriately so as to get their conc. to 2 g/L in feed

Table 22 Distribution ratio of U, Pu and Th extractant: TBP (5% in n-dodecane). Phase ratio of
organic to aqueous�2, time of contact�10 min

Actinides Distribution ratio from

Simulated feed HNO3 medium

UO2
2+ 2.57 2.88

Pu4+ 1.12 1.15

Th4+ <0.1 <0.1

concentration of 3.00MHNO3 was found to reduce the co-extracted Th in the organic
phase to <200 mg/L with insignificant loss of U and Pu.

To select a reagent suitable for reductive partitioning of plutonium from uranium,
various reducing agents, viz. acetohydroxamic acid, hydroxyl amine nitrate (HAN),
ascorbic acid, tertiary butyl hydroquinone, ferrous ammonium sulphate, were stud-
ied [51]. Reagent mixture of 0.30M HAN+0.20M hydrazine nitrate (HN)+0.60M
HNO3 was found to be most suitable. HN in the partitioning agent was added as
scavenger for HNO2. Performance of indigenously synthesized HAN was compared
with that received from imported sources and was found similar. The possibility of
re-extraction of uranium released in the aqueous phase during reductive partition-
ing was also studied by increasing the acidity of the aqueous phase to 3.5M HNO3

using 5% TBP in n-dodecane as wash. Extraction of uranium was found quanti-
tative without loss of Pu(III) from the aqueous phase. Stripping of U from Pu lean
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Table 23 Decontamination factors for U, Pu and Th in product streams after first cycle. Organic
to aqueous phase ratio�2, contact time�10 min

FPs DFs

U Pu Th

137Cs 8.89×105 6.09×105 5.97×104

144Ce >7.30×105 >5.07×105 5.07×104

106Ru 1.22×106 8.36×105 9.11×104

90Sr 1.94×106 1.96×106 2.07×105

organic phase was finally carried out by 0.01MHNO3, and quantitative stripping was
observed at aqueous to organic phase ratio of (1:3). Raffinate phase from extraction
experiment was used for Th recovery studies using 38% TBP in n-dodecane. Results
were identical with those observed using THOREX raffinate of UTSF origin [49].

Overall decontamination factors (DFs) of different actinides with respect to indi-
vidual fission products in final product streams after each single cycle of opera-
tion (extraction, partitioning, U-stripping, Th extraction and stripping) are reported
in Table 23. It is evident from the results that very high decontamination factors
are achievable even after a single cycle of operation. Further improvements in the
DF value can be achieved using conventional purification cycles as in PUREX and
THOREX process.

Under optimized conditions, counter-current experiments were carried out inside
specially designed glove boxes employing laboratory scale mixer-settler units to
demonstrate the separation. The flow sheet was validated using simulated waste
using simulated AHWR spent fuel solution with reference burnup of 43 GWd/Te
after 5y cooling.

12.2.2 Counter-current Studies

Extraction studies in counter-currentmodewere carried out in glove boxes using feed
solution containing uranium and plutonium each at 2.00 g/L level having 100.00 g/L
that is 3.00M HNO3. The details of the experiments are given elsewhere [51]. All
the steps, viz. extraction and scrubbing, partitioning of Pu, stripping of U, extraction
of Th from raffinate of extraction run and Th stripping, were carried out. Figure 37
shows the scheme used for extraction cum scrubbing experiment inside the glove
box. The mixer-settler unit used during the run is shown in Fig. 38.

Stage-wise concentration profile for U, Pu and Th at steady-state conditions in
organic phase is shown in Fig. 39.

Results from these experiments indicated quantitative extraction of uranium and
plutonium with negligible loss in the raffinate phase under the experimental condi-
tions. Thorium contamination of about 206 mg/L was observed in the organic phase.
The composite organic phase generated from the extraction cum scrub run had the
concentration of uranium, plutoniumand thoriumof 1.40 g/L, 0.87 g/L and 200mg/L,



76 A. K. Nayak et al.

RAFFINATE                 
(1.33 Vol)

EXTRACTION 
(8 stages)

SCRUBBING
(4- STAGES)

5% TBP
(2 Vol)

3 M HNO3

(0.33 Vol) 
AQ. FEED  

(1 Vol)

LOADED TBP 
(2 Vol)

Fig. 37 Scheme used for counter-current extraction cum scrub experiment

Fig. 38 Mixer-settler unit housed inside glove box

Fig. 39 Concentration
profile of U, Pu and Th
during extraction cum scrub
cycle
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Fig. 40 Scheme used for partitioning using HAN

Fig. 41 Stage-wise
concentration profile of U,
Pu and Th in organic phase
in partitioning step

Scrub Section Partitioning Section

Feed inScrub Out

respectively, with 0.09M acidity which was partitioned using a partitioning agent of
0.30M HAN+0.20M HN +0.60M HNO3. Nitrate concentration in aqueous phase
was increased by addition of 7.00M HNO3 in the fifth stage. Consequently, the acid-
ity of the aqueous phase was increased to ~3.50M and thus enabled the re-extraction
of U to the organic phase. The reason behind release of U into aqueous phase during
partitioning is low nitrate concentration in aqueous phase. The organic stream (U-1),
obtained by washing the aqueous phase containing Pu(III) by 5%TBP in n-dodecane
during partitioning, was found to have major portion of uranium compared to Pu lean
organic stream (U-2) coming out of the partitioning stage and collected separately.
The scheme used for partitioning is shown in Fig. 40, and stage-wise concentration
profile of U, Pu and Th in organic phases under steady-state condition is shown in
Fig. 41.

Stripping of uranium from composite organic phase (U-1+U-2) using 0.01M
HNO3 showed quantitative stripping of uranium at an aqueous to organic phase ratio
of 1:3 (concentrations of uranium at different stages during stripping are shown in
Fig. 42). As the concentration of Th in the raffinate phase is similar to that observed
in THOREX raffinate of Uranium–Thorium Separation Facility, Trombay, the flow
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Fig. 42 Stage-wise profile
for U-stripping
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Table 24 Analysis of three
product streams

Concentration (g/L)

Th-stream Pu-stream U-stream

Th: 8.00 Pu: 0.87 U: 4.35

U: 0.001 U: 0.01 Pu: 0.004

Pu: 0.0042 Th: 0.18 Th: 0.109

sheet used earlier using 38% TBP in n-dodecane can be adopted for the recovery of
thorium. The analysis of the three product streams obtained using the proposed flow
sheet is given in Table 24.

As stated above, the purity of individual componentswith respect to other actinides
can be improved to the desired level using conventional techniques such as solvent
extraction, precipitation and ion exchange. During the course of the above exper-
iments, neither third-phase formation nor crud formation was encountered at any
stage of the runs. The flow sheet was validated using simulated AHWR spent fuel
solution with reference burnup of 43 GWd/Te after 5y cooling. All the schemes, viz.
extraction cum scrubbing, partitioning, U-stripping, extraction and stripping of Th,
were carried out under optimized conditions. Schematic flow sheet of AHWR spent
fuel employing 5% TBP in n-dodecane is depicted in Fig. 43.

Recovery of plutonium and uranium was found to be quantitative. No crud for-
mation, third-phase formation or choking problem was observed during the entire
experiment. The uptake of fission products in the organic phase was found to be
negligible except Ru which was detected at very low concentration.
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Fig. 43 Process flow sheet for three-component separation of spent AHWR fuel

12.3 Processing of Thoria Irradiated in Power Reactors

To process PHWR-irradiated thoria fuel, an engineering facility, Power Reactor Tho-
rium Reprocessing Facility, Trombay, was built which was based on in-house R&D
and experience from UTSF, Trombay. The facility was commissioned on January
2015 and operated successfully giving more confidence in thoria processing. In this
facility, two batches (~50 kg per batch) of power reactor-irradiated thoria bundles
were processed. Irradiated thoria bundle end-plate cutting was carried out by laser,
and fuel pins were dismantled. Subsequently, chopping of the fuel pins was carried
out by single pin mechanical chopper. Thoria was dissolved in dissolvent solution
containing appropriate concentration of HNO3, Al(NO3)3 and NaF. Dissolved solu-
tion was subjected to 5% TBP in n-dodecane-based THOREX process employing
CALMIXmixer-settler units. After scrubbing thorium from organic phase by HNO3,
the uraniumwas stripped in aqueous phase using dilute nitric acid (0.01M).This prod-
uct was passed through cation-exchange resin column to remove traces of thorium
present in uranium product. Catalytic reduction of uranium was carried out using
Adams catalyst in the purified product solution. U(IV) thus obtained was precipi-
tated as U(C2O4)2 and calcined to uranium oxide. Isotopic content of uranium in both
the batches was carried out and found to be about 165 and 285 ppm, respectively.

Thus, India has gained enough confidence in thorium processing technology at
the back end of nuclear fuel cycle.
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13 Challenges Ahead

In Th-U233 Fuel Cycle

• Creation of commercially viable technology suitable for fuel cycle of Th-U233
owing to high activity of U 232 embedded in Uranium 233

• Sustainability of nuclear energy itself
• Waste management particularly the long-lived ones
• Increasing complexity of systems to meet the moving safety/regulatory require-
ments

• Associated increasing costs are important challenges to assure sustainability of
the nuclear technology itself.
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Sustainability and the Role of Thorium
in Our Future Energy System

Björn Stigson

Abstract Howwill 9 billion people livewell within the limits of the planet?Demand
for electricity will go up by 40% over the next 25 years and all of that is in the
emerging economies. We are inevitably facing a carbon and pollution constrained
world in 2050. Therefore, it is clear that when we look at the future energy mix, we
need clean, safe, and scalable energy. Nuclear with thorium and renewable energy
will play important roles in this mix. Competition, the fact that the markets will
demand low carbon and pollution solutions, will play a major role in the climate
agenda going forward. Indeed, the transformation to a sustainable world presents
the biggest business opportunity the world has seen in its modern industry. The
companies that see it, understand it, and invest in it will see enormous opportunities.
The companies that don’t understand and don’t invest won’t be around in the future.
No part of society can create a sustainable world on their own. Therefore, we need
new partnerships between governments, business, civil society, and academia, where
each part is delivering on their specific responsibilities and roles. TheWorld Business
Council for Sustainable Development (WBCSD) was created for global business to
have a neutral platform, which was not the individual company but a platform for
like-minded that want to drive change in a certain direction. The nucleus for such a
platform for thorium is the International Thorium Energy Organization (IThEO).

Keywords Sustainability ·World energy mix · Energy systems analysis

1 Our Future World—A Growth Story

World’s growth is driven by a few strong trends:
Population growth. Over the next decades, we are going to add one-third more

people on this planet and they are going to be born and raised in emerging economies.
By 2050, 85% of the world’s population will be in what we today call emerging
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economies. Fifteen percentage of the population is the old world; Europe, North
America, Japan, and Australia.

Shift in global economic power. The growth of population in emerging
economies and the growing middle class are driving faster economic growth in
emerging economies. Already in 2025, we expect that 60% of the world’s GDP
is in the emerging economies.

Increased urbanization. We are about 3 billion people living in cities today. We
expect that by 2060, therewill be 6 billion people living in cities. These new citieswill
be built in Asia and Africa. If we build them with the type of urban infrastructure we
have today, we will not have a sustainable world in 2050. This is one very important
issue for the future.

Aging population. In some countries, the population is actually decreasing. Ger-
many and Japan are the typical examples. The focus in emerging economies is under-
standably to improve quality of life and reduce poverty. That requires economic
growth and the use of resources, not the least energy. The energy demand in the
OECD countries is going to stand still for the next 40 years and all the growth in
energy demand is coming from the emerging economies.

These simple but strong trends lead to a resource and carbon-constrained world.
Inevitably, it is a world that will have to go through a transition to sustainability.
The economy and society will change. The pressure on the environment will grow.
We will have to find a way to govern this transformation. Here, we are struggling in
different ways both nationally and globally.

2 The Green Race Is On

Since a few years, there is what I have come to call the “green race” going on, a green
competition.Which countries and companieswill become the leading suppliers of the
resource efficient, low polluting product system solutions that the world markets will
inevitably be asking for? If youwant to be a leading exporter or a global company, you
will have to provide those types of solutions. If you can’t, you will not be an exporter.
If you want to be such a leading country or company, you will have to transform
your domestic market so that you build up a demand in your home country. This then
becomes the source of competence and scale as a platform for exports.

If we look at some countries for major trends, we see that:
China has taken the lead. They are investing far more than anyone else in trans-

forming their economy. This transformation is a major part of their current and their
next five-year plan. I have been an advisor to the Chinese State Council on these
matters for more than 16 years and gotten to know how they think. Their investments
in renewables are alone larger than that of the next 10 countries put together. There
are a very strong awareness and determination in the Chinese leadership to change
the way the society and economywork. Last year PMLi Keqiang said, “we are going
to declare war against our inefficient and unsustainable model of growth and way
of life.” They are also seeking international cooperation and here it is interesting to
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note that there is a bilateral agreement between Germany and China on innovation
that was signed last autumn.

Japan, the neighbor to China, is the world’s most energy efficient economy. They
have a good technology platform for green solutions, good global companies and are
pushing for innovation. What has also happened with their shutdown of nuclear is
that they have become the world’s largest importer of natural gas; thirty percentage
of global supply is going to Japan. Even for an economy like Japan’s, it is becoming
too costly and therefore they are considering reopening nuclear.

USA is world’s most innovative economy but they have, as we know, a political
deadlock in Washington. You can’t get innovations to really penetrate the economy
if you don’t have the support of the right type of political framework. Since that is
not happening, they are falling behind China in the green race. A lot is happening
decentralized in states and cities. What is interesting is that Silicon Valley is now
starting to make major investments in renewable and new nuclear technologies. The
big thing in the USA is the shale gas revolution, which has made the use of coal go
down. This means that the USA is going to meet its requirements for reducing CO2

emissions.
EU has historically been the global leader in green technologies export with 30%

global market share, of which half is Germany. In my view, however, the trans-
formation of the internal market is too slow, leading to EU losing global market
share. There are two big things going on in Europe. One is the dependence on energy
imports from Russia and how that is being handled in the present situation and then it
is the transformation of the German energy system, which has created a lot of issues.
Germany is looking at sustainability as a core element of their industrial strategy and
they have major investment programs in research. They now have a 5-year research
program, which has a dedicated budget for sustainability on 1 billion euros per year
into four areas: resource efficiency, climate and energy, quality of life, and education.
When the Chinese PM signed their contract, he said “Germany has the technology,
we have the markets. It’s a great partnership going forward.” The two world-leading
exporters are joining forces on a number of fronts.

India clearly needs major investments both to provide electricity to the people
who lack it and also to improve reliability of supply. A major increase of energy
efficiency is also needed. Since China has a program to reduce emissions, India is
likely on track to become the world’s largest emitter of CO2. That will create a lot
of political pressure on India going forward.

3 Transforming to a Low Carbon Economy—The Role
of a Facilitating Platform

Energy systems on the scale of a country like India are very rigid systems; it takes a
very long time to change them.
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The World Business Council for Sustainable Development, where I was the pres-
ident for 18 years, is a coalition of the world’s 200 largest companies and their chief
executives dedicated to deal with the issues of sustainable development for global
business. These 200 companies have a value on the stock exchanges of 8.000 billion
US dollars. The organization also has national organizations in a regional network
in 60 countries with one in India.

In 2008, it becomes clear that global business needed to develop its thinking about
what the world will really look like going forward. A world that will be carbon and
pollution constrained in 2050. How will 9 billion people live well within the limits
of the planet? And if we are going to share resources more equitable than we have
until now, what will that look like?

WBCSD got 30 of its members engaged for about 2 years and they developed a
pathway to 2050. They divided society and the economy into 9 different elements
from soft issues like peoples values to hard issues like materials, mobility, buildings,
and energy. They looked at what a sustainable world would look like in 2050 for
each element, and what transformations we would have to go through to arrive at this
sustainable world. They concluded that from a technical perspective this is probably
doable, as well as from global business perspective. They identified that the real big
issue is whether there is a political will to go through these transformations that will
be very disruptive in society; transformations that will not only create winners but
also create both winners and losers. Is there political will and capacity to drive this
type of change? This became and still is a very substantial discussion that we have
in global business. If we look at the climate negotiations, it is clear that there are
difficulties for global society to solve these types of issues.

Systems issues were another observation that was made. Energy, as an example,
is connected to water, which is connected to climate, which is connected to food,
which is connected to land use and so forth. The understanding of systems solutions
in society is very limited. The International Institute for Applied Systems Analysis,
the head of which I am an advisor to, sees a huge need for learning how different
systems interact if we are going to solve these issues. In many ways, both in the
political world and in the academic world, we act very much like in silos and are
very poor in understanding the cross-sectoral issues.

The major finding for business was that this transformation to sustainability is the
biggest business opportunity it has ever seen in the history of modern industry. The
companies that see it, understand it, and invest in it will see enormous opportunities.
The companies that don’t understand and don’t invest won’t be around in the future.

4 The Energy and Climate Landscape

Fast changing energy landscape, more distributed electricity generation, electrifi-
cation of transportation will probably go much quicker than what people think.
Solutions for electricity storage are being developed that will be very important for
distributed electricity generation, smart grids.
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Interestingly, it is the IT companies like IBM, Cisco, Google, and Apple that
are seen by the traditional energy equipment suppliers as their competitors in smart
electricity systems. Electricity utilities’ roles have changed with the growing energy
supply generated from renewable energy sources and they have lost customer base. A
good example is Germany, but also the rest of Europe has been affected in particular.
Between 2008 and 2013, the 20 biggest utilities in Europe lost 500 billion euros
in market value. Actually, more has been lost on the utilities than on banks in the
financial crisis in Europe. Accompanying this development is the issue of where
should the base load electricity come from and the question of shale gas.

When we look at the future energy mix, it is clear that we need clean, safe, and
scalable energy. Nuclear with thorium and renewable energy will play important
roles. Looking at the energy system, we see that the oil industry probably is facing
a similar situation as the utilities, where their traditional linear business model is
coming under pressure. However, the power sector has taken many actions though
it has lost tremendous value and should today be more broadly defined than the
traditional electricity utilities. Demand for electricity will go up by 40% over the
next 25 years and all of that is in the emerging economies; there is no increase in the
OECD countries.

The export of energy-intensive goods like steel, aluminum, chemicals, paper, and
so on is changing. The shale gas revolution in the USA has made electricity much
cheaper in the USA than in the EU and Japan. The IEA is projecting that over the
next 25 years the EU and Japan will lose one-third of their energy-intensive export
of goods partly to the USA but also to emerging economies.

The IEA has been pushing for energy efficiency. It has concluded that about 60%
of emission reductions must come from energy efficiency in the consumption phase,
not in the production phase, both as individuals and industrially across all parts of
society.

What will affect the climate agenda going forward? The awareness of the issue
is growing partly as an effect of the Paris Climate Agreement and this will have an
impact. And so will the relative price reduction for renewable energy production
(wind and solar) versus in particular fossil fuels. However, competition, the fact that
the markets will demand low carbon and pollution solutions will play a major role.
Energy efficiency will play a role to lower emissions. A price on carbon will drive
change in the energy mix. There will be a lot of technology innovations with, e.g.,
electrification of vehicles, electricity storage, new nuclear, and CO2 management.
We don’t believe that carbon capture and storage will save the coal industry; it is
a way too complicated and therefore expensive. However, if we could change CO2

from being a pollutant into being a raw material by splitting the molecule, it could
change the whole dynamics of climate change. We are not there yet but today we see
interesting research going on in many parts of the world to make it possible.
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5 Need for Partnerships and Collaboration

No part of society can create a sustainable world on their own. Governments can’t
do it on their own, and markets are too slow to drive transformational changes.
Markets are very good at driving change in very well-defined areas but they are not
good at driving the type of change sustainability requires. Therefore, we need new
partnerships between governments, business, civil society, and academia, where each
part is delivering on their specific responsibilities and roles.

Governments must create the regulatory framework that can stimulate actions
toward resilient societies.

Business must innovate and implement actions for a resource efficient low pol-
lution world.

Civil society has a crucial role to support the difficult trade-offs between conflict-
ing priorities that governments and business will be facing.

Academiamust educate leaders that can lead society toward a resilient world and
stimulate science and innovation of new solutions.

In most parts of the world, neither governments nor big businesses have the trust
of the public. Therefore, we will not succeed if governments or big businesses push
these changes onto the public. If we are going to get public acceptance for the
types of disruptive transformational changes that are required, we must have a close
cooperation with civil society.

WBCSD was created for global business to have a neutral platform, which was
not the individual company but a platform for like-minded that want to drive change
in a certain direction. Therefore, if thorium is going to be successful, a platform that
is not only the industry that is developing the energy systems is needed. The nucleus
for such a platform for thorium is the International Thorium Energy Organization
(IThEO). It can have the constituency that is broad enough from different interests,
which will create a level of confidence in the people the field is addressing. These
types of facilitators are needed to drive change because without them it is very
difficult to gain acceptance. Through WBCSD we managed to create trust for big
businesses in what we wanted to do. The field of Thorium Energy can do the same.

What India is aiming to do with thorium is warmly welcomed as a carbon and
pollution constrained energy source. It can play an important role among many other
things such as energy efficiency, reliability of supply, grid improvements, and so
forth. Thorium can play a role but can’t get us there alone—whole energy systems
analysis is needed for that. Germany had not done their energy system analysis when
they took their decision to radically change their energy system, and have ended up
with many unintended consequences and issues as a result. The recommendation to
India is to think long and hard about what the Indian energy system can and should
look like, do the systems analysis, and then decide where the points are where it is
necessary to drive change. Thorium will certainly play a role in the future Indian
energy system.
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6 Conclusions

How will 9 billion people live well within the limits of the planet? Demand for
electricity will go up by 40% over the next 25 years and all of that is in the emerging
economies. We are inevitably facing a carbon and pollution constrained world in
2050. Therefore, it is clear that when we look at the future energy mix, we need
clean, safe, and scalable energy. Nuclear with thorium and renewable energy will
play important roles in this mix.

Competition, the fact that the markets will demand low carbon and pollution
solutions will play a major role in the climate agenda going forward. Indeed, the
transformation to a sustainable world presents the biggest business opportunity the
world has seen in its modern industry. The companies that see it, understand it, and
invest in it will see enormous opportunities. The companies that don’t understand
and don’t invest won’t be around in the future.

No part of society can create a sustainable world on their own. Therefore, we
need new partnerships between governments, business, civil society, and academia,
where each part is delivering on their specific responsibilities and roles.

TheWorld Business Council for Sustainable Development (WBCSD)was created
for global business to have a neutral platform, which was not the individual com-
pany but a platform for like-minded that want to drive change in a certain direction.
The nucleus for such a platform for thorium is the International Thorium Energy
Organization (IThEO).
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Technology Considerations
for Deployment of Thorium Power
Reactors

Matthias Krause

Abstract Deployment of any nuclear reactors, in particular innovative designs,
requires a healthy combination of design and safety concept maturity, design/concept
validation, integration into a national energy policy, cooperation between ven-
dor/operator/regulator bodies, and finally a sound economic/financing plan and per-
haps most importantly for long-term success, supportive government policy and
acceptance by an educated public. This paper briefly summarizes these aspects as
they relate to unique challenges and opportunities for a potential thorium-based
water-cooled power reactor program and suggests areas for technical collaboration.
Based on past efforts and current knowledge, water-cooled reactors are capable of
accommodating thorium-containing or even thorium-based fuel designs, known tech-
nology challenges can be mastered and there are no “showstoppers” in a gradual
transition to a “complementary” thorium/uranium-based nuclear energy program,
while there remain significant obstacles to full Th/233U implementation. The poten-
tial of thorium-based fuel options being a “better” or “superior” fuel compared to
U/Pu-based fuels is clear. However, there are a few remaining areas that need further
development work to generate knowledge and reduce uncertainties in existing physi-
cal parameters and implementation concepts. These are summarized and suggestions
for international collaboration are made to help a gradual near-term introduction of
Th fuel into the cores of current or advanced water-cooled power reactors. In light of
the current lack of clear economic or overwhelming scientific advantages, perhaps
the main argument for starting a thorium fuel cycle implementation is sociopolitical,
namely greater public acceptance stemming from the fact that (1) Th does not carry
the military connection of U/Pu and (2) the waste from any Th-based fuel cycle will
have less long-lived minor actinides.
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1 Introduction and Background

Thorium as a fuel in a nuclear reactor has been considered, researched, and proposed
for many decades in most reactor types, in fact since the beginning of peaceful uses
of nuclear energy. Its inherent advantages over uranium are:

• Greater abundance and easier mining (no natural radioactivity), currently a “waste
product” in various industrial mining activities;

• In principle can achieve a fully self-sustainable breeding fuel cycle;
• Higher thermal conductivity and higher melting temperature, thus cooler fuel cen-
terline temperature and larger margins to fuel melting in severe accidents. More
suited as a “no-melt fuel”;

• Chemically stable (has only one oxidation state), thus would not oxidize during
defected fuel operation or during transients that may induce fuel cladding defects
or in a waste repository;

• Fission produces much less minor actinides (including Pu), significantly reducing
waste radiotoxicity beyond ~100 years;

There are also a few inherent disadvantages:

• It needs fissionable material added at the beginning of the reactor operation (235U
or 239Pu).

• A lower delayed neutron fraction requires faster reactor regulation and neutronic
trip shutdown response due to reduced reactivity worth of control and shutdown
devices. Reactivity coefficients are also negatively affected. However, these effects
are comparable to MOX fuel.

• Chemically stable, making the dissolution process during reprocessing more dif-
ficult.

• The high-energy gamma emitters in 232U decay chain necessitate more expensive,
remotely operated, shielded reprocessing facilities; the presence of 220Rn also
requires a more complicated ventilation system and the presence of 228Th in the
“excess” thorium requires shielded secure storage for ~20 years.

• Beta decay produces long-lived radionuclides (including 231Pa) that contribute to
waste radiotoxicity.

Other, external, factors that have changed over the past decades and could change
again in the coming years couldmake thorium as a reactor fuel more or less attractive.
These include

• Economics: Fuel cost, recycling cost, relative magnitude of the fuel cycle cost
components as a fraction of overall cost of nuclear power generation (including
capital and financing costs). The increased reprocessing costs may be offset by
benefits resulting from higher fuel burnup and longer fuel cycle lengths;

• Resource availability and fuel cost and/or security, both global and local, including
for competing technologies such as fossil;
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• Government (national) policy and public opinion relating to nuclear energy, which
in combination determines a country’s willingness to invest in technology, in par-
ticular valuation of CO2 emissions reduction in setting national energy mix goals.

Then there are more subtle technology considerations related to fuel manufac-
turing, reactor operation, and waste management that are unique to thorium (and
different from uranium), which are discussed in the following sections. The recent
OECD/NEA Report on the Introduction of Thorium in the Nuclear Fuel Cycle [1]
states: “Improving the efficiency of utilization of mineral resources (whether it is
uranium or thorium) while reducing ultimate waste streams are among the major
challenges that the nuclear energy industry must address if nuclear energy is to
develop significantly and become a sustainable source of energy for the long term,”
and “the use of thorium has been considered as an option for nuclear fuel since the
advent of nuclear energy.” Thorium cannot be a real alternative to uranium, however,
at least at the initial stage, because it has no fissile isotope. Thorium does, nonethe-
less, generate the fissile nuclide 233U by neutron capture in a nuclear reactor. 233U is
an excellent fissile nuclide, with advantages over the 235U or 239Pu used in current
reactors. This inherent “neutronic attractiveness” of 233U, particularly in thermal neu-
tron spectrum reactors, makes the use of thorium scientifically interesting, despite
the multiple challenges yet to be resolved technically and industrially. The thorium
option has never been fully discarded, and “the thorium fuel cycle” has, albeit with
fluctuating intensity, continuously been studied worldwide.”

These challenges, together with the inherent, economic, social, and technology
factors affecting in general the choice of nuclear and in particular of a nuclear fuel
cycle, lead to the conclusion that a gradual and symbiotic transition from the current
pure-U/Pu fuel cycle to a combined Th/U/Pu fuel cycle, of which various forms are
possible, can offer an optimal solution. It would allow the flexibility of continuing
with the transition, remaining at a certain future status-quo, or returning to a pure-
U/Pu cycle, whichever is consistent with the nuclear energy strategy, be it national
or regional.

2 Reactor Deployment Considerations

Any advanced concept, whether it is fuel or other major reactor technology, needs to
have a solid basis rooted in sufficient R&D, analysis, testing, and, ideally, prototyp-
ing, before it can be put forward for deployment. Much research has been completed
on various thorium fuel options in the past, to a large degree current analysis tools
can be used to analyze thorium behavior during normal operation, extended oper-
ation (high burnup) and accident conditions (however, more validation is required
before a solid safety case can be presented for licensing) and in-reactor irradiations
and post-irradiation examinations have shown very promising results. The poten-
tial of thorium-based fuel options being a “better” or “superior” fuel compared to
U/Pu-based fuels is clear. However, there are a few remaining areas that need fur-
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ther development work to generate knowledge and reduce uncertainties in existing
parameters and concepts [1, 2].

In a homogeneous core concept, the fuel material itself consists of a fissile/fertile
mix,while in a heterogeneous core the fissile and breeding fuel regions (pins, bundles,
or assemblies) are physically separated and only neutronically coupled (also referred
to as seed/blanket configuration). The technical challenges are different whether
considering a heterogeneous or homogeneous core implementation. These can be
summarized into two broad areas:

• Fuel manufacturing challenges (e.g., ensuring consistent composition without hot
spots, optimization of additives to facilitate sintering of high-density pellets),mate-
rial properties, high-burnup properties and behavior, and reprocessing schemes for
ThO2 containing significant amounts of UO2 or PuO2. This is not an issue in a
heterogeneous core.

• Effective radiation shielding during the reprocessing of used fuel and worker inter-
nal contamination monitoring in the absence of 239Pu (since there is no 239Pu in
irradiated thorium fuel, marker candidates for radiotoxicity are likely to be 232U
and/or 228Th depending on cooling time.Dosimetry procedures and sensitivemeth-
ods may need to be further developed and established). The latter applies only to
the Th reprocessing branch for a heterogeneous core.

In addition to the above generic issues, which could be categorized as “knowl-
edge gaps,” some reactor technology concepts should be further investigated, or
optimized, taking into consideration realistic and specific implementation options,
i.e., “detailed design gaps.” This can be done through detailed analytical studies,
which have certainly been done for reactor concepts such as the AHWR (India) and
the SCWR (Canada), but are not published to the author’s knowledge:

• Detailed physics/thermal hydraulics and analysis, both steady and transient, of
heterogeneous fuel assemblies to determine to what degree local power/coolant
flow matching is required in order to achieve the target burnup, breeding ratio,
and percentage energy from Th, while maintaining all safety/trip margins and
regulatory/operational limits. Since in a heterogeneous configuration, the seed
and blanket fuel channels or assemblies may have significantly different powers
that further vary with time in the refueling cycle, either flow matching or derating
(compared to operation with uranium fuel) is needed.

• Determination of fuel material, fuel/cladding interaction, and fission gas release
relevant to the fresh-to-high-burnup region of homogeneous core (mixed Th/U/Pu)
fuel, including any microstructure effects. This is needed to verify/validate pre-
dictive models and assumptions.

• Feasibility of recycling such homogeneous Th/U/Pu fuel, because a once-through
cycle would likely not yield the expected results of fuel cycle sustainability and
waste MA reduction [3].

• Options of on-site reprocessing/refreshing should be investigated in light of the
higher shielding requirements for both core concepts.
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The above apply to any reactor type and are part of the vendors’ design process.
In order to support individual efforts and increase the visibility of such efforts and
their underlying concepts and R&D, some areas are perhaps suited for international
collaborations. Suggested topics include:

• What are Th-specific reactor design considerations in a LWR/BWR/PHWR? How
could aU→Th transition be designed into an evolutionary reactor concept orwhat
should be “modified” to make it suitable/optimized for thorium? For example, is
static or dynamic (changing over time or burnup) channel flow/power matching
needed/possible/desired.

• An objective, unbiased investigation into which currently deployed reactor type is
most suitable (CANDU, PWR, BWR, etc.) for near-term introduction of thorium
fuel, including the effects on fuel handling/refueling schemes, outagemanagement,
reactor control/shutdown requirements, and overall power/efficiency.

• What are realistic targets of % energy from Th in a commercial power reactor?
This could be investigated in detail using refueling codes, possibly integrating
thermal hydraulics codes, and ideally confirmed by ever-increasing use of Th in a
suitable power reactor with a “mixed core,” first as an additive to U fuel, then as
a continually more significant core load (dedicated fuel assemblies for Th intro-
duction—mixed, but heterogeneous fuel assemblies—and finally, a homogeneous
Th-based core). Since such an introduction into an existing power reactor would
most likely require some derating, the process should be financially supported by
a national or international governmental group.

In order to maximize the chances of success for such a pilot transition scenario
from U/Pu to Th fuel cycle in an existing water-cooled reactor, cooperation among
nuclear countries is absolutely necessary and a formal internationally financed pro-
gram would be ideal.

3 Conclusions

Large-scale implementation/deployment of thorium fuel is unlikely to happen
based on current or foreseeable economic, technological, waste management, or
safety/security/safeguards drivers. Therefore, the significant licensing work which
would need to be undertaken for the implementation of thorium fuels and the R&D
required for closing remaining technology gaps is economically not justified at
present. However, the same can be said for fast breeder reactors and GenIV concepts.

The 2011 NEA report on Trends towards Sustainability in the Nuclear Fuel
Cycle [4] concludes that “the successful large-scale reactor technology demonstra-
tion efforts conducted in the past suggest that there should not be insurmountable
technical obstacles preventing the use of thorium fuel and its fuel cycle in existing
and evolutionary L/HWRs. However, the industrial infrastructure, research, design
and licensing data are not in place to allow a rapid deployment of thorium fuels in
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current reactors in the short term.” While progress has been made in the past five
years, notably in India, the statement remains valid.

Therefore, a long-term vision and steady effort, including international collabora-
tions on thorium issues (technological, economical, and sociopolitical), are required
to make a gradual transition possible that could eventually be called “Renewable
Nuclear Energy.”
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LFTR: In Search of the Ideal Pathway
to Thorium Utilization—Development
Program and Current Status

Benjamin Soon

Abstract Thorium has gained substantial attention as a potential energy source that
could rival and eventually replace fossil fuels as humanity’s primary energy source.
This could not have come at a more opportune time as concerns about global cli-
mate change from CO2 emissions and the specter of finite fossil fuel resources create
serious challenges for the continuation of our advanced industrial societies, which
are reliant on readily available and affordable energy. Thorium also potentially rep-
resents the catalyst with which the nuclear industry could reinvent itself and finally
gain widespread public acceptance. There are many opinions on how to utilize tho-
rium as a fuel, but the question of what constitutes an ‘ideal’ pathway has mostly
been underemphasized. Many specific characteristics of the thorium fuel cycle can
differ significantly depending on the conditions and methodologies of utilization;
characteristics such as safety, efficiency, waste profile and volume, and fissile pro-
tection can vary greatly according to reactor design and utilization philosophy. With
thorium, we have been given an opportunity to start over, a blank slate. Therefore, in
imagining the ‘Thorium Economy’ to come, it behooves the scientific and engineer-
ing communities to consider the most ‘elegant’ solution physically possible—what
constitutes the ‘ideal’ and is it possible to reconcile it with what is both economically
and technically practical? The characteristics desired of an ‘ideal’ nuclear reactor, in
the areas of safety, efficiency, economy, and sustainability, and the five key design
choices that could enable such a reactor will be discussed. This will be followed by
an overview of the liquid fluoride thorium reactor, a two-fluid molten salt reactor cur-
rently under development by Flibe Energy in the USA. LFTR is a direct descendant
of the MSRE, which was developed at Oak Ridge National Laboratory (ORNL) in
the USA during the 1960–70s. The rationales and scientific concepts for the choices
made on the design of the LFTR and how it could potentially achieve many of the
desired characteristics of the ‘ideal’ nuclear system will be the focus of this article.
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1 Introduction

Energy is the master commodity. Since the dawn of the industrial age, we have used
fossil fuels as our primary energy source, and all modern economic activity can
be measured in units of energy, be it from the direct combustion of liquid fuels or
electricity. However, the use of fossil fuels comes at a cost, both in terms of emissions
of CO2 and other pollutants, and in terms of social and political costs.

Thorium has gained substantial attention as a potential energy source that could
rival and eventually replace fossil fuels as humanity’s primary energy source. This
could not have come at a more opportune time as concerns about global climate
change fromCO2 emissions and the approaching specter of finite fossil fuel resources
create serious challenges for the continuation of our advanced industrial societies,
which are reliant on readily available and affordable energy. Thorium also poten-
tially represents the catalyst with which the nuclear industry could reinvent itself and
finally gain widespread public acceptance. There aremany opinions on how to utilize
thorium as a fuel, but the question of what constitutes an ‘ideal’ pathway has mostly
been underemphasized. Many specific characteristics of the thorium fuel cycle can
differ significantly depending on the conditions and methodologies of utilization;
characteristics such as safety, efficiency, waste profile and volume, and fissile pro-
tection can vary greatly according to reactor design and utilization philosophy.

With thorium, we have been given an opportunity to start over, a blank slate.
Therefore, in imagining the ‘Thorium Economy’ to come, it behooves the scientific
and engineering communities to consider the most ‘elegant’ solution physically pos-
sible—what constitutes the ‘ideal’ and is it possible to reconcile it with what is both
economically and technically practical?

In this article, I will discuss the characteristics desired of an ‘ideal’ nuclear reactor,
in the areas of safety, efficiency, economy, and sustainability, and the five key design
choices that could enable such a reactor. This will be followed by an overview of
the liquid fluoride thorium reactor, a two-fluid molten salt reactor currently under
development by Flibe Energy in the USA. LFTR is a direct descendant of theMSRE,
which was developed at Oak Ridge National Laboratory (ORNL) in the USA during
the 1960–70s.

The rationales and scientific foundations for the choices made on the design of the
LFTRwill allow it to potentially achievemany, if not all, of the desired characteristics
of the ‘ideal’ nuclear energy system.

2 The Problem with Nuclear Energy

In any given year, energy takes one of the top three spots on the list of urgent issues
facing humanity alongside famine and cleanwater availability.When considering the
‘problem’ of energy, there are many theories on how to solve it. But when one runs
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the numbers and considers the hard realities of engineering and economics, none are
more compelling or attractive than nuclear energy.

The energies of the atomic nucleus aremillions of times greater than those released
from chemical combustion. It does not emit any pollutants and has shown itself to
be the safest form of energy. Yet, this seemingly obvious choice has not come into
its own as our primary energy source.

The main problem is that public perception and politics are just as essential as
technical and economic arguments when considering the whole picture; there must
be acceptance among a society immensely paranoid about radiation; and that reality
leads us to accept that we must fundamentally adjust the way we harness the power
of the atom. This point was driven home by the public reaction, and continued
backlash, to the events at Fukushima. Regardless of our opinion as engineers and
scientists regarding the actual situation, this is the reality we face. How we deal with
this will be discussed later in this article.

Putting aside perceptual problems, I believe that all engineers share one driving
passion; we seek the elegant solution. And sadly—even discounting the issue of
public perceptions—despite all the good that traditional nuclear technology has done,
in the context of large-scale civilian power generation, it could hardly be considered
the most elegant of solutions.

3 Thorium as a Resource

If one were to strip away all the extraneous arguments from the ‘problem’ of energy,
it can all be boiled down to a single factor, ‘limited resources.’ After all, competi-
tion—and the potential for conflict—only occurs over a limited resource.

Thorium—for all intents and purposes—represents a virtually unlimited energy
resource. One does not need to be an economist to appreciate the significance of this.
In my opinion, any effort to develop thorium as a fuel on the strength of its abundant
nature is already laudable.

Furthermore, we know that thorium if properly implemented, in the rightmachine,
has the potential for far more than simple resource abundance.

3.1 What Is the Most Elegant Solution?

So, what would the ideal modality of utilizing thorium look like? How would we
create a machine that satisfies the public concern for safety, while meeting the need
for a better, more efficient system based on a truly sustainable end-to-end supply
chain?

I have said we should be in the business of seeking elegant solutions. Thus, we
should always seek to first consider what the ideal pathway is, before resorting to
compromises.
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To do this, we must define what is desirable and reconcile it with what is both
possible from nature and practical in an engineering sense. It makes no sense to
come up with what one might consider ‘the ultimate energy source,’ but one which
is practically and economically unviable to build, operate, and/or sustain.

3.2 First Principles and the Four Major Desirable
Characteristics

All nuclear systems are basically comprised of three essential sections. Though
common to most energy systems, the design choices surrounding these sections
substantially affect the characteristics of the resulting reactor.

There are four major characteristics we would desire to maximize in an ideal
system: (1) Safety, (2) Efficiency, (3) Economy, and (4) Sustainability.

As with any good engineering practice, we should first attempt to achieve these
characteristics with the bare minimum and only add on additional sections if it is
absolutely necessary. This is engineering 101; the simpler the machine, the less
expensive, and prone to failure it will be.

3.3 Inherent Versus Engineered

From a practical engineering standpoint, wherever possible, we would want to make
choices that lead to desirable characteristics that are physically Inherent to the reactor,
rather than those that we need to engineer solutions for.

This is an important point becausewe know that any engineered solution is vulner-
able to failure nomatter howminiscule the chance is—even a statistical insignificance
of P >0.005 is a nonzero probability—but an inherent characteristic is immune to
failure because there was no problem to engineer a solution for in the first place!

While this is contingent on whether such an approach is physically or chemically
possible in the first place, where such solutions exist, and are not excessively difficult
to implement, such options should be pursued first with all due diligence.
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3.4 Safety

Thefirst andmost important characteristic thatwould be desired froman ideal nuclear
system would be one with the best possible safety characteristics. This is essential
because it is likely the key to overcoming public aversion to nuclear energy in general.
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If it were possible, we should aim to design a reactor that is capable of operating
under a deterministic safety regime, rather than a probabilistic one,whichhas been the
case all this time with legacy nuclear technology. This means that if it were possible
to entirely eliminate accident scenarios such as fuel melt, explosive dispersion, and
any other radiological contaminant propagationmechanisms, it should be necessarily
pursued as a priority.

3.5 Efficiency

Next, we would desire to have a system that had the maximum possible efficiency.
Some of the key factors to maximizing efficiency lie in finding the best way to
implement the following characteristics.

• High fuel utilization;
• High thermal conversion efficiency;
• High volumetric heat capacity (in the coolant);
• Minimal mechanical complexity;
• Control simplicity.

3.6 Economy

Thirdly, there must be an economic case for the technology. If it cannot be made,
then no matter how brilliant the technology, the chances of widespread adoption is
close to, if not exactly, zero. Like in the case of efficiency, the overall design choices
should favor the following.

• Operational simplicity;
• Minimize fuel costs;
• Modular fabrication and construction (standardization);
• System simplicity.
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3.7 Sustainability

Finally, the total ecologyof the reactor shouldbe sustainable in termsof overall supply
chain and complete cradle-to-grave life cycle. This includes decommissioning and
how one would dispose of spent components such as reactor vessels, fuel.

The factors which should be considered in making design choices are as follows.

• Low waste volume;
• Minimize/eliminate TRU production (especially plutonium);
• Fuel efficiency;
• Supply chain sustainability (incl. political);
• Low overall environment impact (incl. resource extraction and fabrication).

4 The Five Key Design Choices

With the above-desired characteristics and their underlying considerations in mind,
if we examine the system commonalities of reactor concepts, one quickly realizes
that the pathway to achieving these system properties lie within five key design
choices, many of which have overlapping influences on each of the four desirable
characteristics and they are as shown.

4.1 Fuel Material

The choice of fuel material is probably the most crucial design choice of any energy
system. This decision substantially impacts, even determining the availability of
downstream design choice options, hence it must be the first and most important
consideration. Thorium is themost ideal fuel choice due to—among other things—its
vast abundance as a natural resource.

More significantly, when implemented correctly, the thorium fuel cycle has the
potential to eliminate the production of plutonium from the waste stream, a massive
advantage in terms of sustainability and political acceptability.
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4.2 Burner Versus Breeder

The next important question is whether we want to use this fuel in a breeder or
a burner? Setting aside any professional bias or any present technical/economic
debate, it is generally accepted that for nuclear energy to be truly sustainable, a more
advantageous use of thorium as a nuclear fuel would be in a breeder. The reason for
this is the low natural fissile resource availability, and breeders are the only way to
increase, or at the least,maintain our global fissile inventory.As opposed to constantly
burning the only—ever-reducing—natural fissile we have; U-235, which is almost
as rare as platinum.

Only Breeders offer a chance for truly sustainable nuclear energy
It should be noted that it is only possible to breed with the thorium or plutonium

fuel cycle, so if U-235 (the current fuel cycle in traditional reactors) were chosen
previously as the fuel, breeding would not be possible. Furthermore, only thorium
can breed in the thermal spectrum, the advantages of which will be discussed shortly.

4.3 Fast Versus Thermal (Neutron Spectrum)

Next, which neutron spectrum is preferable for a practical reactor?
Fast Reactors have the advantage of being able to breed with any fuel cycle and

potentially perform a specialist role in the disposal of legacy spent fuel. Advocates
of the fast spectrum argue that it provides the best breeding ratios and require no
moderator, thus having a simpler core structure.

However, fast reactors require significantlymorefissile inventory and amuchmore
complex control system. Not to mention that the significantly harder neutron flux



104 B. Soon

will lead to greater core structural component degradation and lower lifetimes. The
lack of a moderator, while having the advantage of allowing simpler core structures,
sacrifices a significant safety characteristic inherent to them, which increases the
complexity of the control and safety system necessary to operate fast reactors. The
net result is that fast reactors are, by nature, very ‘twitchy’ and costly machines to
build and operate. Over the past 40 years, there has been very little indication that
they would ever be economically viable.

Thermal reactors on the other hand require much less fissile inventory and have
much simpler control system requirements, and the presence of a moderator gives
thermal reactors many inherent physical properties that lend toward stronger safety
and control stability characteristics.

The disadvantage of thermal reactors is of course that you cannot breed using tra-
ditional uranium fuels (U-235 and plutonium fuel cycles), but since we are interested
in the thorium fuel cycle, this is no impediment to us. Hence, all other things being
equal, and we weren’t trying to accomplish any specialized roles, I will argue that a
thermal spectrum reactor is preferable choice in this respect. It is potentially safer,
and cheaper, and easier to control.

4.4 Solid Versus Liquid Fuel (Fuel Form Factor)

Next, we talk about the fuel form; this is very important because it ultimately deter-
mines the resistance to damage and maximum potential efficiency of both the reactor
structure and its fuel.

Liquid fuels can be continuously recycled and have neutron poisons removed.
Because they are fluid and self-homogenizing, they are impervious to the issue of
fuel element damage over time. They do not require expensive fuel fabrication and
allow for extremely high fuel utilization rates. Furthermore, a liquid expands and
contracts far more readily than solids, possessing an extremely strong negative ther-
mal coefficient of reactivity and self-regulating nature; a very attractive inherent
physical safety characteristic.

Solid fuels are the basis for current technology and we are familiar with its
processes. However, solid fuels require complex and expensive fuel fabrication. They
inevitably become damaged by the neutron flux and neutron poison build up in a
reactor core and will need to be replaced before completely burning up its fissile
content. Not to mention that reprocessing solid fuels, as is necessary for breeders, is
much more complicated.

But more than that, solid fuels are and will always remain the primary safety
vulnerability in nuclear reactors that use them. Since they are immobile, it will
always be necessary to engineer emergency systems bring cooling to the fuel, and
we know that engineered systems are vulnerable to failure, regardless of whether
they are passive or active, so what’s left is to determine the consequence of such
failure and its acceptability. Figure 1 shows the basic principle and mechanics of a
loss-of-coolant-accident such as that which happened at Fukushima in 2011.
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Fig. 1 Basic principle of loss-of-coolant-accident

Fig. 2 Liquid-fueled systems are invulnerable to fuel melt

In contrast, a significant safety advantage of liquid fuels is that they aremobile and
can bemoved from the core to an environment thatmaximizes the passive rejection of
decay heat in lieu of complex, fail-vulnerable engineered coolant systems, as shown
in (Fig. 2). So, in this respect, a liquid fuel is preferable.
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4.5 Coolant Type

Finally, we need to talk about the coolant, because the properties of the primary
coolant essentially determine the reactor’s size, and ease of manufacturing of com-
ponents, and play a critical role in the overall safety characteristics of the system.

We would wish for the greatest margin of safety paired with the most efficient
option in a coolant. With lower pressures we get significantly better safety, and with
higher temperatures we get greater efficiency.

We can see from this 2 × 2 temperature and pressure matrix of the commonly
available coolants that only salts can reach high temperatures yet operate at low
pressures, making them ideal candidates for the transport of heat in a nuclear reactor
core. But molten salts are more than just a coolant; it can also be a fuel carrier.

Fluoride salts, as a class of materials, embody many advantages. Most impor-
tantly, they are chemically compatible with the thorium fuel cycle and physically
compatible for use as a liquid fuel medium.

They also possess numerous highly desirable nuclear, mechanical, and chemical
characteristics ideal for use in a nuclear reactor.
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Theproperties ofmoltenfluoride saltsmake them ideal candidates for the transport
of thermal energy in a nuclear reactor core.
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5 The Ideal Scenario

To summarize, when we examine what a reactor that could maximize the four desir-
able characteristics might look like through the logical lens of the five primary design
choices, it becomes naturally apparent that it would likely be

A Liquid, Fluoride salt, Thorium fueled, Thermal spectrum, Breeder Reactor.

The question is, is it possible to create such a reactor in a practical way? Fortu-
itously, the answer is, yes.

5.1 The Molten Salt Reactor

It is precisely this type of reactor that some of the greatest names in the annuals of
science had envisioned would power the future back in the mid-twentieth century.

They called this reactor a ‘molten salt reactor’ or MSR. And this is the core
enabling technology for the LFTR.

We can see from the above historical timeline that the technology has seen signif-
icant development work, right up to the point the MSR program was finally canceled
in 1974 and the technology fell into obscurity for the next four decades. The MSRE
was by itself a very successful exercise in engineering excellence. The experiment
demonstrated the viability of the concept and its practical implementation.

While the reason for the program’s cancellation is an important question, it is
also one that is long and very complicated in the telling, one that would require a
separate, dedicated article to explain.
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Nonetheless, it is sufficient to know for now that theMSR’s demise was a political
decision, and the underlying reasons of which were almost entirely bureaucratic in
nature; there was no technical justification why it should have been abandoned.

6 The Liquid Fluoride Thorium Reactor

The LFTR is the modernized and improved iteration of the original two-fluid MSR
designed by Weinberg’s team, incorporating the already proven core concept with
modern materials and chemical processes that further increase efficiency, safety, and
sustainability. Significantly, it is designed specifically to use the pure thorium fuel
cycle.

6.1 Demonstrated Technology

LFTR is a direct descendant of the MSRE. The core technology enabling this reactor
was already successfully demonstrated. But it is more than simply the MSRE’s
spiritual successor; it is the system optimized to use thorium as fuel that the Alvin
Weinberg—who ironically was also one of the inventors of the pressurized light
water reactor that we currently use—had intended to create.

Kirk Sorensen, principal designer of the LFTR and the world’s foremost author-
ity on the history of thorium research, rediscovered Weinberg’s work in the early
2000s and started the thorium energy movement. He has worked ever since to realize
Weinberg’s dream of a world set free of energy constraints.
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How an LFTR works is by circulating a naturally self-homogenizing fuel coolant
mix called a ‘fuel salt’ in what is called the primary loop which passes through a
graphite-moderated core and primary heat exchanger.

Fission occurs when the fuel salt enters the core and achieves the configuration
for criticality, generating thermal energy from fission reactions that heat up the fuel
salt. Upon exit from the core, fission promptly ceases as the fuel is naturally removed
from the moderator, causing it to depart from the critical configuration.

The thermal energy is then transferred to a secondary coolant loop which ulti-
mately transfers it to a closed cycle gas turbine PCS for upwards of 45% conversion
efficiency!

This system can be cooled by air giving it substantial siting flexibility, but if it were
located next to a body of salt water, it could use the enormous amount of clean, high-
quality waste thermal energy to desalinate water, that would have otherwise been
discarded to the environment. This would be of tremendous value and importance in
some regions where water is just as important as electricity.

6.2 Advanced Power Conversion Advantages

Another important advantage of an LFTR is its ability to couple to an advanced gas
turbine power conversion system.

This can lead not only to improvements in electrical generation efficiency but also
to reductions in size and capital costs as you can see from the juxtaposition of turbine
sizes compared to a reference 250 MW steam turbine.
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6.3 Modularity

There has also been a far greater interest in small modular reactors, with the goal of
building reactor components in a factory environment and reducing site preparation
time.

Creating modular reactors with liquid fluoride technology is much easier because
the reactors do not operate at high pressure and can be shipped and returned unfueled.

6.4 Physical Inherent Safety

Having a liquid fuel enables a remarkable inherent passive safety feature to be imple-
mented that can solve perhaps the most vexing problem in reactor safety.

For many years, engineers have been concerned primarily with how to cool the
solid fuel of a reactor in the event of an accident to prevent a meltdown.

The use of a liquid fluoride fuel enables a simple and remarkable solution, based
on the melting temperature of the salt, which is about 400 °C.
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The reactor is fitted with a drain line that is kept plugged by a slug of frozen salt,
which is kept frozen by an active flow of coolant over the outside of the drain line.

In the event of a complete loss of power, the salt plug would melt, causing the
fuel salt in the reactor to drain through the line into a dedicated tank called a drain
tank. This tank is configured to maximize the passive rejection of decay heat to the
environment.

This enables the reactor to dispense with a multitude of emergency core cooling
systems that are required in solid-fueled reactors, particularly those that operate at
high pressure.

This remarkable safety feature is one of the most compelling arguments for con-
sideration of the liquid fuel approach.

If you recall, earlier I implicated that the elegant solution is one where you mini-
mize the number of problems that one needs to engineer solutions for. I’m sure that
already you can see how the LFTR inherently avoids all the basic problems that
necessitate highly complex control and safety systems in traditional and solid-fueled
reactor technologies.

6.5 How LFTR Would Utilize Thorium

Thorium would be used in an LFTR by generating a fluoride salt and inserting it
into a blanket, where it would absorb neutrons and transmute to fissile U-233, which
would then be inserted into the core to repeat the cycle.
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6.6 Advantages of Thorium in LFTR

Significantly, only when used in an LFTR will thorium fuel have the following
properties:

High fissile protection characteristics (aka strong proliferation resistance) via
the unavoidable evolution of U-232 in LFTR fuel. Contrary to some assertions, it
is impossible to breed or separate LFTR fuel without U-232 contamination, unless
extremely extensive, expensive, and very easily detectable activities (that will be
eminently and quickly detected by international monitors) are undertaken. Further-
more, substantial modification to the LFTR will be required that would immediately
reveal obvious nefarious intention.

And with the LFTR design, there is an additional safeguard that is to be imple-
mented with international monitors like the IAEA known as ‘Ionium spiking’ that
will further enhance this already very strong defense.

But even if wewere to assume the hypothetical casewhere a determined actorwith
the resources, technical know-how, and requisite stealth were to attempt to divert an
LFTR’s fuel forweapons; one of the key characteristics of theLFTR is that removal of
any strategically useful amounts of U-233 would cause it to shut down permanently,
and instantly flag the would-be proliferator state or actor to international monitors.
Furthermore, even if heavily modified, the LFTR’s maximum breeding ratio under
perfect conditions is only 1.07; it would take a very long time to ‘skim’ enough
material to make a credible nuclear threat without causing a shutdown scenario.
There are much easier and cheaper ways to make nuclear weapons, LFTR is not one
of them and will never be.

The LFTRwould have Ultra-low waste production, both in volume and in HLW
content, thanks toLFTR’s 90%+fuel utilization rate.With the potential to completely
eliminate plutonium production if properly implemented.
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It has technical zero safety radius outside the reactor building (though whether
it’s practical to implement is a separate issue). This is because the low-pressure liquid
fluoride thorium fuel system is invulnerable to accidents like fuel melt and explosive
dispersion.
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7 Conclusion

We are in exciting times; few have been given the opportunity to potentially affect
the future of our society in such a profound way.

The LFTR concept presents a highly optimized way of utilizing thorium as fuel,
and the data we have thus far certainly suggests that it may very well be the ‘elegant
solution’ to nuclear energy that we’ve long sought.
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Abstract As part of the RCUK–India civil nuclear research collaboration, British
and Indian researchers have assessed the merits and disadvantages of, and potential
for, open-cycle thorium–uranium-fuelled (Th–U-fuelled) nuclear energy systems.
The research centred on fuel cycle modelling and life-cycle assessment of three
Th–U-fuelled nuclear energy systems and compared these to a reference uranium-
fuelled nuclear energy system, all operatingwith open nuclear fuel cycles. The results
indicate that thorium-based fuels offer little benefit over conventional uranium-
fuelled approaches for open-cycle nuclear energy production. This chapter provides
an overview on the project and stresses overarching conclusions.
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GT-MHR Gas turbine modular helium reactor (General Atomics)
LCA Life-cycle analysis
LCOE Levelised cost of electricity
MOX Mixed oxide (nuclear fuel)
MSR Molten salt reactor (various concepts)
PR Proliferation resistance
PWR Pressurised water reactor
SNF Spent nuclear fuel

1 Introduction

As part of the RCUK–India civil nuclear research collaboration, British and Indian
researchers have assessed the merits and disadvantages of, and potential for, open-
cycle thorium–uranium-fuelled (Th–U-fuelled) nuclear energy systems.Anoverview
of the systems chosen and the rationale for choosing these systems is presented inRef.
[1]. The work centred on assessing various performance indicators spanningmaterial
flows, waste composition, economics, emissions and proliferation resistance. These
performance indicators were determined by using the UK National Nuclear Labora-
tory’s fuel cycle modelling code ORION [2, 3] and also the life-cycle analysis code
GaBi [4]. In addition, background issues surrounding the proliferation resistance of
Th–U-based fuels were presented at the UKPONI 2012 Conference [5]. The purpose
of the paper is to provide a summary of the project. To serve this end, the paper refers
to some example results from component studies [3, 4] and stresses the overarching
project conclusions.

2 Scope of the Research

Most considerations of thorium-fuelled nuclear energy focus on closed nuclear fuel
cycles. That is cycles inwhich spent reactor fuel is reprocessed to yield fissilematerial
for further useful electricity generation. The intention motivating the research was
to understand whether thorium might have a useful role to play in open nuclear fuel
cycles in which spent nuclear fuel is sent for disposal as radioactive waste without
reprocessing. The motivation of the research has been described at greater length
elsewhere [1].

It would not have been practical to seek to assess all conceivable technologies that
could utilise thorium in open nuclear fuel cycles. Hence, three Th–U-fuelled reactor
systems using uranium enriched to ~20% 235U were assessed and compared to a
reference technology. These were: AREVA’s European pressurised reactor (EPR);
India’s advanced heavy water reactor (AHWR); and General Atomics’ gas turbine
modular helium reactor (GT-MHR). The reference technologywas a uranium-fuelled
EPR. These three Th–U-fuelled reactor systems are considered to be “near-term”
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technologies, in so far as one (the EPR) is under construction, another is ready
for deployment (AHWR), and the third (GT-MHR) appears to be based entirely on
proven technology—albeit with some engineering challenges remaining.

Accelerator-driven subcritical reactors (ADSRs) were excluded from this study
on the grounds that significant reliability challenges lie in the path of commercial
deployment of this technology for power production [6]. Another technology with
potentially strong synergies with thorium fuel cycles is the concept of the molten salt
reactor (MSR). MSR concepts were also considered out of scope, as (i) significant
engineering challenges lie ahead for this technology, and (ii) the recirculation of
liquid fuel/coolant shapes and constrains the fuel cycle towards approaches that have
more in commonwith conventional closed fuel cycles than conventional open-cycles.

This work considers a strong definition of the “open” nuclear fuel cycle; i.e. no
separated fissile materials (such as separated plutonium) are available from previous
reprocessing. As such, the reactor systems are initiated and operated using enriched
uranium. This restriction implies that potential technologies to address the disposal
options for the UK’s surplus separated civil plutonium are out of scope. An example
of one of the out-of-scope technologies is the CANMOX approach (from CANDU
Energy), whereby UK separated plutonium might be used to manufacture a Th–Pu
mixed oxide (MOX) fuel suitable for use in the company’s EC-6 reactor [7].

Although this study focusses on technologies that have a high technological
readiness level, certain advances (most notably in fuel cladding materials) would
be required. Advanced fuel cladding materials (i.e. silicon carbide and TRISO) are
assumed for the Th–U-fuelled EPR and Th–U-fuelled GT-MHR, respectively. It is
well established, see for instance Ref. [8], that the increased burn-up afforded by
advanced cladding materials enables greater 233U breeding and thus improves the
performance of thorium cycles. Changes in the neutron spectrum, in particular hard-
ening of the spectrum by reducing moderation, can also be exploited in the proposed
future reactor systems to alter the breeding or burning characteristics of thorium-
based fuels [9]. Further developments in either of these areas of technology could
change the conclusions reached here about the potential of open thorium fuel cycles.

3 Methodology

To assess the three open-cycle Th–U-fuelled reactor systems, various analyses were
performed. The bulk of the analysis is derived from theUKNational Nuclear Labora-
tory’s ORION fuel cyclemodelling code [2]. The code performs inventory analysis to
determine the throughput of material throughout a number of facilities in the nuclear
fuel cycle, including storage buffers (that can represent the mine, mill and deep
geological repositories), fuel fabrication facilities, reactors and, when applicable,
reprocessing facilities. To model the isotopic inventories within a reactor, ORION
requires shielded cross sections which are dependent on burn-up. These are produced
by post-processing the results from deterministic or Monte Carlo-based neutronic
assessments of the reactor core. In addition, radiotoxicity and decay heat calculations
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can be performed from the generated radionuclide inventories. Further details on the
ORION fuel cycle modelling code and the reference data and reactor physics codes
used to generate the burn-up-dependent shielded cross sections for the reactor tech-
nologies are contained in Ref. [3]. In addition, the results from the ORION fuel cycle
modelling code provided the necessary inputs for the economic modelling (both
levelised nuclear fuel cycle costs and levelised cost of electricity (LCOE) values,
using SimLab) and proliferation resistance assessment (using the National Nuclear
Laboratory’s proliferation resistance tool). The results are also detailed in Ref. [3]
and a brief summary of these results is presented in Sect. 4.

Life-cycle environmental emissions associatedwith thoriumproduction and use in
open Th–U-based nuclear fuel cycles were also investigated [4]. A comparative life-
cycle analysis (LCA) was performed for the three Th–U-based systems using GaBi4
and the EcoInvent database [4]. The LCA considered the construction, operation and
decommissioning of each of the reactor systems including all of the associated facili-
ties of an open fuel cycle. This included the development of LCAmodels to describe
the extraction of thorium frommonazitic beach sands and for the production of heavy
water. Life-cycle impacts per kWh (or per kg for thorium dioxide production) were
obtained and are summarised in Sect. 4. Further details on this methodology, the
underlying data used in this analysis and all life-cycle impact analysis results are
detailed in Ref. [4].

4 Results

The full results have been published previously in Refs. [3, 4] and are summarised
in Table 1.

To summarise, the three Th–U-fuelled nuclear energy systems involved a larger
amount of separative work capacity than the equivalent benchmarkU-fuelled system,

Table 1 Performance indicator values per kWh electricity generated [3, 4]. Green (italic) denotes
better performance (whereas red (underlined) denotes poorer performance) than the benchmark
uranium-fuelled EPR

Reactor U3O8
(mg)

Enrich.
(μSWU)

U fuel
(mg)

SNF
(nm3)

Radiotox.
(Sv)*

Heat
(μW)*

FC Cost
(¢)

LCOE
(¢)

CO2(eq)
(g)

PR
score

EPR 
UO2

18.4 14.1 1.76 3.77 0.39 2.11 0.77 12.1 6.60 7.06

EPR 
UO2/ThO2

25.4 24.3 0.68 3.03 0.35 2.21 0.90 12.2 6.86 7.22

AHWR
UO2/ThO2

22.0 21.2 0.51 4.55 0.33 2.47 0.99 13.7 13.2 8.68

GT-MHR
UO2/ThO2

52.6 50.8 1.21 32.3 0.28 1.52 2.37 15.7 10.7 6.40

* Values for radiotoxicity and decay heat are taken 50 years after the fuel has been discharged.
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Fig. 1 Levelised nuclear
fuel cycle costs per kWh
generated [3]. The life-cycle
stages (i) are described in the
text. If the figure is
monochrome: each set of
four bars follows the
sequence in the key

with higher levelised fuel cycle (FC) costs andwith a greater LCOE.While a decrease
of approximately 6% is seen in the amount of uranium ore per kWh needed by
the Th–U-fuelled AHWR when compared to the U-fuelled EPR reference, the two
other Th–U-fuelled systems needed more uranium ore per kWh than the U-fuelled
EPR reference. Insignificant advantages and disadvantages were seen for both the
quantity and the properties of the spent nuclear fuel (SNF) produced by the various
nuclear energy systems investigated. Two of the Th–U-fuelled systems revealed some
improvement regarding the proliferation resistance (PR) of the SNF produced.While
open-cycle uranium-fuelled pressurised water reactors (PWRs), such as the EPR,
can be considered to be highly resistant to proliferation, some improvement could
be achieved by using a thorium–uranium MOX fuel in an EPR [3]. Similarly good
scores are also achieved by Th–U-fuelled AHWR [3].

In Fig. 1, indicative results from the most challenging aspect of this research, a
comparison of the fuel cycle costs per kWh of electricity generated considering all
seven stages of the open nuclear fuel cycle, are presented. These seven stages are:

1. Producing milled ore (U3O8 or ThO2);
2. Converting U3O8 to UF6;
3. Uranium enrichment;
4. Nuclear fuel fabrication;
5. Fuel transport;
6. Interim SNF storage;
7. Final SNF waste disposal.

Bringing together the aspects illustrated in Fig. 1, and having deployed a Monte
Carlo analysis, themeanLCOE (and uncertainty to one standard deviation)was found
to be 121±16 US$/MWh for the reference U-fuelled EPR, 122±17 US$/MWh
for the Th–U-fuelled EPR, 137±18 US$/MWh for the Th–U-fuelled AHWR, and
157±14 US$/MWh for the Th–U-fuelled GT-MHR. Noting the error bars and the
difficulties inherent in such an analysis, it is apparent that thorium does not represent
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Fig. 2 Greenhouse gas impact per kWhof electricity generated for each of the four systems studied.
For details, see Ref. [4]

an economically attractive fuelling option for these systems operating with an open
nuclear fuel cycle.

The results of the life-cycle impact analysis highlight that the reference U-fuelled
EPR has the lowest greenhouse gas (GHG), ozone depletion and eutrophication
emissions per kWh generated; this is largely a consequence of the second-lowest
requirement for uranium ore per kWh generated. The GHG result is shown in
Fig. 2. The results demonstrate that the greatest overall contributor to environ-
mentally harmful emissions is the requirement for mined or recovered uranium
(and thorium) ore, albeit with the possible exception of nuclear energy systems
requiring heavy water (see Ref. [4] for a detailed description and breakdown of the
various emissions). Thorium obtained from monazitic beach sands is associated
with lower overall damaging emissions than uranium (either conventionally mined
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or recovered from in situ leaching) when considered in a like-for-like comparison of
mining and recovery methods. If thorium were to become a viable nuclear fuel, we
would expect monazitic beach sands (and equivalent placer deposits) to be utilised
first and preferentially, despite such resources only forming 30% of the overall
known thorium ore deposits. Generally, and unsurprisingly, for the four nuclear
energy technologies considered, the range of CO2(eq) emissions per kWh generated
(6.60–13.2 g CO2(eq)/kWh) appears to be low when compared to the emissions
generated by the dominant fossil fuel combusting electricity generation technologies.

5 Conclusions

The analysis shown here indicates that thorium fuel offers little benefit over conven-
tional uranium-fuelled approaches for open-cycle nuclear energy production limited
to the low-enriched uranium standard of 20% 235U. Hence, short- to medium-term
interest in thorium should be restricted to those countries with an interest in spent
nuclear fuel reprocessing or with a need to reduce inventories of fissile material (such
as separated plutonium).

Acknowledgements The work was funded by the Engineering and Physical Sciences Research
Council (UK) under grant no. EP/I018425/1. We are most grateful to all those who worked to
establish the RCUK–India civil nuclear collaboration. We also wish to note our gratitude to all
those listed as co-authors and in the acknowledgements sections of the papers where our individual
studies are more fully described.

References

1. S.F. Ashley, R.A. Fenner, W.J. Nuttall, G.T. Parks, Open cycle thorium–uranium-fuelled nuclear
energy systems. Proc. ICE Energy 166(2), 74–81 (2013)

2. R. Gregg, C. Grove, Analysis of the UK nuclear fission roadmap using the ORION fuel cycle
modelling code, in Proceedings of IChemE Nuclear Fuel Cycle Conference, IChemE, Manch-
ester, UK, 2012

3. S.F. Ashley, B.A. Lindley, G.T. Parks, W.J. Nuttall, R. Gregg, K.W. Hesketh, U. Kannan, P.D.
Krishnani, B. Singh, A. Thakur, M. Cowper, A. Talamo, Fuel cycle modelling of open cycle
thorium-fuelled nuclear energy systems. Ann. Nucl. Energy 69, 314–330 (2014)

4. S.F. Ashley, R.A. Fenner, W.J. Nuttall, G.T. Parks, Life-cycle impacts from novel
thorium–uranium-fuelled nuclear energy systems.EnergyConvers.Manag.101, 136–150 (2015)

5. S.F. Ashley, W.J. Nuttall, G.T. Parks, A. Worrall, On the proliferation resistance of thorium–u-
ranium nuclear fuel, in Proceedings of UK PONI Conference, 2012

6. S.J. Steer, W.J. Nuttall, G.T. Parks, L.V.N. Gonçalves, Predicting the contractual cost of
unplanned shutdowns of power stations: an accelerator-driven subcritical reactor case study.
Electr. Power Syst. Res. 81, 1662–1671 (2011)

7. CANDU Energy, EC6 and the CANMOX Project, corporate brochure available at: http://www.
candu.com/site/media/Parent/CANDU%20brochure-CANMOX-0905.pdf no date

http://www.candu.com/site/media/Parent/CANDU%20brochure-CANMOX-0905.pdf


124 W. J. Nuttall et al.

8. E. Shwageraus, H. Feinroth, Potential of silicon carbide cladding to extend burnup of Pu-Th
mixed oxide fuel, in Proceedings of American Nuclear Society (ANS) Annual Meeting, Holly-
wood, Florida, USA, pp. 658–660, 2011

9. B.A. Lindley, C. Fiorina, F. Franceschini, E.J. Lahoda, G.T. Parks, Thorium breeder and burner
fuel cycles in reduced-moderation LWRs compared to fast reactors. Prog. Nucl. Energy 77,
107–123 (2014)



Sorption of Protactinium (V) on Silica
Colloid and the Effect of Humic Acid

Madhusudan Ghosh and Rakesh Verma

Abstract Protactinium (V) is strongly sorbed on silica colloids in the pH range of
3–9 in NaClO4 medium. The sorption of Pa (V) is lower (70–80%) below pH 3 and
above pH 9. There is no significant change in the sorption behavior of Pa (V) on silica
colloid in the presence of humic acid between pH 3 and 9. However, there is a small
reduction in the sorption below pH 2 and above pH 10. To elucidate the sorption
mechanism the charge of Pa (V) species in different pH medium was determined by
ion-exchange technique using 231Pa tracer. The average charge on the Pa (V) species
in diluteHClO4 (0.1–3.0M)mediumwas 1+.Although neutral species predominated
between pH 6 and 11, negatively charged species started forming in higher pH and
were predominant above pH 11. The zeta potential of silica, humic acid and silica-
humic acid systemswere alsomeasured. The point of zero charge (PZC) of silica was
about pH 2, and the magnitude of the zeta potential increased with increase in the
pH. The zeta potential of humic acid was negative between the pH 1 and 12, and the
magnitude increased with increase in the pH. The zeta potential of silica–humic acid
combined system in the pH range of 1–12 was negative, whereas the magnitude was
between that of silica and humic acid. The strong sorption of Pa (V) on silica colloid
in the pH range 3–9 was assigned to surface complexation, whereas the reduction in
sorption (below pH 3 and above pH 9) was attributed to electrostatic repulsion, as
a fraction of Pa (V) exists as cationic species at pH≤2 and anionic species above
pH 9. The reduction in the sorption of Pa (V) below pH 2 and above pH 10 in the
presence of humic acid was assigned to reduced magnitude of the zeta potential of
silica in the presence of humic acid and complexation of Pa (V) with humic acid,
respectively. Comparison of the results of sorption of Pa (V) on silica with that of
Nb (V) showed the chemical similarity between the two metal ions.
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1 Introduction

231Pa, an alpha-emitting isotope with a relatively long half-life (32,760 year), is
formed during irradiation of thorium in a thermal nuclear reactor for breeding ‘fissile’
isotope 233U [1, 2] as shown below.

232
90Th

(n,2n)−→ 231
90Th

β−−→ 231
91Pa

Uranium (233U) and thorium are separated from fission products by thorium–u-
ranium extraction (THOREX) process which is based on solvent extraction using
tributyl phosphate. During separation by THOREX process [3, 4], 231Pa along with
fission products remains in the aqueous phase and forms part of the high-level
radioactive waste. 231Pa could have long-term radiological impact that needs to be
suitably resolved [5, 6].

It is of major concern if high-level radioactive waste stored underground [7, 8]
comes in contact with flowing groundwater; subsequently, radionuclides may leach
out and migrate [9–11]. The rate of radionuclide transport will depend upon the
distribution of radionuclide between aquifer solid and groundwater apart from the
groundwater velocity. It is expected that elements with extremely low aqueous sol-
ubility and strong sorption on aquifer solid will be relatively immobile. However,
the migration of plutonium, that has low solubility, is known to occur [12]. A three-
phase model of contaminant transport, known as colloid-facilitated transport [13],
was proposed to explain the phenomenon [14, 15]. The three-phase system consists of
stationary aquifer solid, the mobile aqueous phase, and non aqueous mobile colloids.

The key processes in colloid-facilitated radionuclide transport in natural ground-
water systems are (i) colloid production, stability, and filtration; (ii) sorption and
desorption processes of radionuclides onto colloids and colloids onto geologic mate-
rials; and (iii) colloid transport. The genesis and stabilization of groundwater colloids,
the factors controlling their transport through porous media, and the importance of
major pathways andmechanism to predict the role of colloids in subsurface transport
of contaminants have been reported [15].

Sorption of radionuclides on colloidal surfaces may be due to electrostatic forces,
ion exchange, surface reactions, and co-precipitation, and the rate and magnitude of
sorptionmaydependupon the concentration of radionuclide and colloid, pHand ionic
strength of solution, and natural complexing species present in the solution. Oxides,
especially those of Si, Al, and Fe, occur as colloids in groundwater. Various aspects of
colloids that facilitated the transport of radionuclides in natural groundwater systems
have been reviewed [16], and one of the key areas of current research is the factors
affecting the sorption of radionuclides onto colloidal surfaces.

Pa (V) has a great tendency to hydrolyze and polymerize in aqueous media form-
ing hydrophilic colloidal system with strong adsorption properties [17, 18]. Pa (V)
is a likely candidate for colloid-facilitated transport, owing to its extremely low
solubility and tendency to form colloids. Knowledge of the extent of association of
protactiniumwith natural colloids is essential for understanding its colloid-facilitated
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transport. The interaction of natural and anthropogenic radionuclides with compo-
nents of natural water has been surveyed [19, 20], and the sorption of niobium [21]
and uranium [22] on hydrous silica has been reported.

The most important natural ligands found in groundwater are humic acid. The
presence of humic acid may affect the sorption and migration of radionuclides in the
groundwater [23, 24]. It is reported that the anthropogenic actinides are about ten
times more concentrated in humic acid fraction than in the overall topsoil [25]. The
interaction of humic acid with radionuclides increases the mean residence time of
actinides in mobile phase and reduces the sorption of radionuclides to the stationary
phase. Humic acid can alter the oxidation state of the metal ions. Humic acid reduces
U (VI) to U (IV) and Np (V) to Np (IV) [26].

In this paper, we report the sorption behavior of Pa (V) on silica colloids, studied
using 231Pa radiotracer, as a function of pH.1 The sorption experiments were carried
out in a solution of 0.05 M sodium perchlorate (NaClO4) in the pH range of 1–12.
Effect of humic acid on the sorption of Pa (V) on silicawas also studied. The charge of
Pa (V) species in perchloric acid (HClO4) medium was determined by ion-exchange
technique using 231Pa radiotracer. The probable mechanism of sorption of Pa (V)
on silica and effect of humic acid is discussed in terms of the zeta potential and the
species of Pa (V) that exists in the solution. The sorption of Nb (V) on silica was
also studied using radiotracer (94Nb and 95Nb) and compared with that of Pa (V) to
study their chemical similarity.

2 Materials and Methods

2.1 Materials

The chemicals used for the study are colloidal silica (AEROSIL 200, commercial
grade), anion exchanger AG 1-X8 (Bio-Rad, 50–100 mesh), cation exchanger AG
50W-X8 (Bio-Rad, 50–100mesh),NaClO4 (SigmaAldrich), and humic acid–sodium
salt (Sigma Aldrich).

2.2 Characterization of Colloidal Silica

2.2.1 X-Ray Diffraction (XRD) Measurements

Philips X-ray diffractometer (PW1710 model) with Ni-filtered Cu-Kα radiation was
used to record the XRD pattern of silica.

1Preliminary results of this work were presented in the ThEC15: International thorium energy
conference: gateway to thorium energy; Mumbai (India); 2015.
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2.2.2 Surface Area Measurement

Specific surface area measurement was carried out using an indigenous surface area
analyzer (BARC) using Brunauer–Emmett–Teller (BET) method. About 25 mg of
accurately weighed silica was heated electrically at about 110 °C in a glass sample
cell for nearly 4 h in continuously flowing mixture of nitrogen and helium. The
sample was then cooled to liquid nitrogen temperature in a continuously flowing
mixture of nitrogen and helium. The adsorbed nitrogen was desorbed by bringing
the sample to room temperature. The changes in the nitrogen concentration of the
flowing gas stream, consequent to the adsorption and desorption, were monitored by
a thermal conductivity bridge. The desorption signal was electronically integrated
from which the surface area of the sample was computed.

2.2.3 Particle Size Measurement

Silica colloidwas added to deionizedwater, ultrasonicated (RetschGmbH,Germany)
(1 min, 35 kHz, power�140 W), and transferred to a quartz cuvette (universal ‘dip’
cell). It was assumed that the soft conditions of ultrasonication would not have
altered particle size. Malvern 4800 Autosizer with a 7132 digital correlator was used
for dynamic light scattering (DLS) measurements. The light source employed was
He–Ne laser (632.8 nm) with maximum power of 15 mW. CONTIN method was
used to analyze the correlation functions.

2.2.4 Zeta Potential Measurement

The mobility of charged particles in liquid medium under fixed applied electric
field depends on its surface charge, and this principle utilized to measure the zeta
potential. The method for the zeta potential measurement has been reported [21],
and the procedure was described. Malvern Zetasizer Nano Z (UK) was used for the
zeta potential measurements of silica (2 g L−1), humic acid (5 mg L−1), and silica
(2 g L−1)–humic acid (5 mg L−1) combined systems. He–Ne laser (632.8 nm, 4 mW)
light source was used for the measurements. Universal ‘dip’ cell with 10-mm light
pathway was used for the measurement. The experiments were performed at ambient
condition (25±1) °C and at fixed ionic strength of 0.05 M NaClO4. The pH was
adjusted between 1 and 12 by using dilute solutions of HClO4 and NaOH. The pH
was measured by glass electrode (Oakton, pH700, USA). Ultrasonication (1 min,
35 kHz, power�140W) of sample solution was carried out before the zeta potential
measurements to avoid aggregation, and it was assumed that the soft conditions of
ultrasonication would not have altered particle size or species.
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2.3 Humic Acid: Purification and Characterization

2.3.1 Purification

Humic acid was purified [26] before its use, and the purification procedure is
described briefly. Sodium salt of humic acid (~10 g) was dissolved in 100 mL of
0.1 M NaOH and centrifuged at 3000 rpm for 30 min. Supernatant was decanted,
and the precipitate containing humin and clay minerals was discarded. Solid NaF
(0.3 g for 1 g of humic acid) was added to humic acid solution and stirred overnight
with N2 bubbling to dissolve silicate impurities. Humic acid was precipitated with
HCl solution at pH 1, redissolved in 0.1 M NaOH, and reprecipitated. The humic
acid precipitate was washed with 0.1 M HCl to remove Na+ ions and was followed
by washing with deionized water. Purified humic acid was air dried and stored in a
desiccator.

2.3.2 Elemental Analysis

As-received andpurified sodiumsalts of humic acidwere characterized by energydis-
persive X-ray spectrometry (EDS) (Quanta, Model: 3D FEG-I, Switzerland). Hydro-
gen and nitrogen concentrations in humic acid were determined by CHNS analyzer
(Euro Vector EA3000EA-IRMS elemental analyzer, Italy).

2.3.3 Proton Exchange Capacity

The total exchange capacity was determined by Baryta method [27], and the proce-
dure is described briefly. About 80mg of accurately weighed purified humic acid was
equilibrated with excess 0.1MBa(OH)2 solution (50mL) on amechanical shaker for
about 24 h with occasional N2 gas bubbling to remove CO2. After equilibration, the
solution was filtered and the precipitate was washed with deionized water. Filtrate
and washings were combined, and the solution was titrated using 0.5 M standard
HCl.

Capacity corresponding to –COOH group was determined by equilibrating puri-
fied humic acid (~80 mg) with 50 mL of 0.1 M Ca(OOCCH3)2 solutions for 24 h.
After equilibration, the solution was filtered and the precipitate was washed with
deionized water. The filtrate and washings were combined, and the solution was
titrated using 0.5 M standard NaOH.

Capacity of as-received humic acid was also determined using the above proce-
dure.
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2.4 Purification of 231Pa Radiotracer

For preparing radiotracer, an old stock of 231Pa [28] in organic mediumwas extracted
by 0.5 M HF solution. A white gelatinous precipitate appeared on addition of alkali
indicating the presence of impurities. Energy dispersive X-ray fluorescence analysis
of the precipitate showed the presence of Ti and Zr. Hence, 231Pa was purified by
anion exchange method [29]. The unpurified 231Pa solution was loaded on anion
exchanger AG 1-X8 (50–100 mesh, Cl− form, Bio-Rad) filled in a polypropylene
column. 9 M HCl+0.004 M HF was used as both loading and eluting medium. The
eluted fractions containing 231Pa were neutralized with NH4OH. On evaporation of
the solution on sand bath, white crystals of NH4Cl appeared which was removed by
heating the solution in a platinum dish using Bunsen burner. The residue was taken in
HNO3, and few drops of HF were added. Concentration of 231Pa in the final solution
was 9.5×10−6 M.

All sorption experiments were carried out in polypropylene containers (Tarson).
The sorption experimentswere carried out after removingHFby repeated evaporation
of aliquot of 231Pa radiotracer solution with HNO3.

2.5 Sorption Experiments

2.5.1 Sorption of Humic Acid on Silica

Calibration plot was obtained in the concentration range 0.5–15 mg L−1 of purified
humic acid in 10 mL of 0.05 M NaClO4 solutions. The solutions were equilibrated
for about 30 min on a mechanical shaker before absorbance measurement at 257 nm
using UV–Vis spectrophotometer (V-530, Jasco).

Humic acid (15mgL−1) was added to previously prepared silica (2 gL−1) solution
in 0.05M of NaClO4. The pHwas adjusted between 1 and 12, and the solutions were
equilibrated for 48 h on a mechanical shaker. Phase separation was carried out by
centrifugation at 10,000 rpm (Hermle Labotechnik GmbH Z383K, Germany) for
1 h. The extent of separation was checked by measuring silica in supernatant by
DLS technique. The absorbance of the supernatant was measured at 257 nm, and
concentration of humic acid in supernatant was obtained from the calibration plot.
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In a separate experiment, colloidal silica suspension (2 g L−1) was prepared in
acidic (pH 1), neutral (pH 7), and alkaline (pH 11) aqueous media, equilibrated on
a mechanical shaker and centrifuged. The supernatant was analyzed by inductively
coupled plasma optical emission spectrometry and contained 2 mg L−1 (pH 7),
14 mg L−1 (pH 1), and 120 mg L−1 (pH 11) of silica.

2.5.2 Sorption of 231Pa on Silica

Sorption studies were carried out in 0.05MNaClO4 medium in the pH range of 1–12
by equilibrating 231Pa (~2.9×10−9 M) with silica (2 g L−1) for 48 h on a mechanical
shaker. Total volume of the solution was 25 mL. Phase separation was carried out
using high-speed centrifuge (10,000 rpm), and the completeness of separation was
checked by measuring silica in supernatant by DLS technique.

Supernatant (10 mL) was taken for measurement of gamma ray (283.69 keV, rela-
tive abundance 1.7%) of 231Pa (counting time 60,000 s) using high-purity germanium
(HPGe) detector (EG&G ORTEC) coupled with 8 k channel analyzer (relative effi-
ciency: 45%; resolution: 1.9 keV at 1132 keV of 60Co). The percentage sorption was
calculated by comparing the net counts of the supernatant with that of the standard
solution as shown in Eq. 1.

Sorption (%) � (A0 − A)/A0 × 100 (1)

where A0 �net counts of the standard solution and A �net counts of the supernatant.
Identical experiment was carried out to study the sorption of niobium (1.12×

10−9) mL−1 on silica using 94Nb and 95Nb radiotracers [21].

2.5.3 Sorption of 231Pa on Silica in the Presence of Humic Acid

The sorption of 231Pa on silica in the presence of humic acid (5mgL−1) wasmeasured
using the procedure described in Sect. 2.5.2 under identical conditions.

2.6 Determination of Charge on Pa (V) Species

Avery simple technique based on ion exchange has been described byMarhol, Strick-
land, and Welch [30–32] for determining the charge of an ion in aqueous solutions
below10−6 Musing radiotracer.About 100μLof 231Pa solution (0.061μgmL−1) and
1 g of mono-functional strong cation exchanger resin (AG 50W-X8) were added to
10mLofHClO4 solutions of desiredmolarities (0.1–3M). The resinwas equilibrated
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for 2 h using a mechanical shaker. To determine the charge on Pa (V) in neutral and
basic media (10−8 to 0.5 M NaOH), 231Pa tracer was equilibrated with 1 g of anion
exchanger resin (AG 1-X8). The count rate of 283.69 keV gamma ray of 231Pa in the
solution and resin were measured using HPGe detector, and the distribution ratios
(D) of Pa were determined using Eq. 2.

D � Aresin/Asolution (2)

where Aresin and Asolution are count rates of resin (g−1) and solution (mL−1) at equi-
librium.

The overall net charge on Pa (V) ion was determined from the slope of Log (D)
versus Log (M) plot.

3 Results and Discussion

3.1 Characterization of Silica and Humic Acid

X-ray diffraction pattern indicated the amorphous nature of silica. BET surface mea-
surements and DLS showed that the specific surface area and particle size were
(160±20) m2 g−1 and 160–310 nm, respectively [21].

EDS spectra of unpurified humic acid indicated the presence of appreciable
amount of the impurities like Al, Si along with Na. The other impurities like Fe,
K, Ca, Ti were also found. After purification, the relative contents of C, S increased
while that of O decreased and concentration of other impurities decreased signifi-
cantly (Table 1). The atomic ratios of H/C, N/C, S/C did not change substantially,
establishing that there was no major chemical alternation and modification of humic
acid molecule during the purification process. The large decrease in O/C ratio after
purification indicated the removal of oxygen-rich impurities such as clay and other
minerals.

The proton exchange capacities of as-received and purified humic acid were
(4.1±0.1) meq g−1 and (5.4±0.2) meq g−1, respectively. The capacity of purified
humic acid corresponding to –COOH group was (3.8±0.1) meq g−1, and hence, the
exchange capacity corresponds to phenolic –OHgroupwhichwas about 1.6meq g−1.

The point of zero charge (PZC) of silica was about pH 2, and the magnitude of
the zeta potential increased with increase in the pH. The zeta potential of humic acid
was negative between pH 1 and 12, and the magnitude increased with increase in
the pH. The zeta potential of silica–humic acid combined system in the pH range
of 1–12 was negative, whereas the magnitude was between that of silica and humic
acid.
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Table 1 Elemental composition of Na salt of humic acid (as-received) and purified humic acid

Element As-received (atom %) Purified (atom %)

H 3.1 (±0.05) 4.7 (±0.05)

C 36.2 (±0.3) 57.9 (±0.94)

N 0.4 (±0.03) 0.7 (±0.03)

O 50.2 (±0.4) 37.91 (±0.3)

Na 9.2 (±0.2) 0.41 (±0.2)

Al 1.7 (±0.2) 0.06 (±0.03)

Si 1.7 (±0.2) 0.02 (±0.01)

S 0.3 (±0.1) 0.35 (±0.07)

K 0.2 (±0.1) –

Ca 0.1 (±0.1) –

Ti 0.2 (±0.02) 0.07 (±0.02)

Fe 0.3 (±0.1) 0.17 (±0.06)

(H/C) 0.086 0.078

(N/C) 0.011 0.012

(O/C) 1.387 0.720

(S/C) 0.015 0.013

3.2 Determination of Charge on Pa (V) Species

For the determination of the ionic charges of an anion and cation in aqueous solution,
mono-functional ion-exchange resins with strongly acidic and basic groups are used,
respectively [31]. The overall net charge on Pa (V) ion, determined from the slope of
Log (D) versus Log (M) plot (Fig. 1) in the dilute perchloric acidmedium (0.1–3.0M)
was about 1.12+. In the pH range, Log (D) versus Log (M) plot (Fig. 2) has two
distinct slopes, one between pH 6 and 11 and another above pH 11. Between pH 6
and 11, the charge on Pa (V) ion was 0.1−, which indicated that the major fraction
of protactiniumwas present as neutral species and negatively charged species started
forming only at higher pH. Above pH 11, the charge on Pa (V) ion was ~0.8−,
suggesting that the protactinium predominantly existed as singly negatively charged
species. It is difficult to explicitly identify Pa (V) species from the net average charge
as more than one species is likely to exist simultaneously in the solution. The above
findings are consistent with the literature [33, 34].

3.3 Sorption Studies

In order to model the migration of Pa (V) under aqueous environmental conditions, it
is essential to measure the degree of sorption of Pa (V) on the colloids and the effect
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Fig. 1 Distribution ratio (D)
of Pa versus similarity (M)
of HClO4

Fig. 2 Distribution
coefficient (D) of Pa versus
concentration of OH− ion

of naturally occurring ligand, humic acid on the sorption. In addition, understanding
of the chemical species of Pa (V) and nature of interactions with natural colloids are
also required.

3.3.1 Sorption of Humic Acid on Silica

pH-dependent sorption of purified humic acid (2 mg L−1) on silica (2 g L−1) was
carried out in 0.05 M NaClO4 solution, and the results are presented in Fig. 3. The
sorption of humic acid decreased from 77.8% at pH 1 to 9.8% at pH 12. Point of
zero charge (PZC) of silica was at ~pH 2, whereas the zeta potential of humic acid
is negative even at pH 1, which explains the high sorption of humic acid on silica
at low pH. Above pH 2, the zeta potential of both silica and humic acid is negative
and the magnitude increases with increasing pH. Therefore, electrostatic repulsion
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Fig. 3 pH-dependent
sorption of purified humic
acid on silica

reduces the sorption of humic acid on silica above pH 2. Even though there was a
reduction in the sorption with increasing pH, some amount of humic acid was still
sorbed on silica, which is not fully understood [35, 36]. Sorption of humic acid on
silica decreased with increasing pH and showed an upward trend beyond pH 10
which was not significant.

During the present work, polypropylene tubes were used instead of glass to pre-
vent the loss of protactinium. It was found that the sorption of protactinium onto
polypropylene tube was (2–5)% depending upon pH of the medium.

3.3.2 Sorption of Protactinium on Silica

The sorption of Pa (V) on silica from 0.1 to 8 M HClO4 solutions has been reported,
and it was found that the sorption decreased from about 25% to less than 1% [37].
The sorption of Pa (V) on silica in the pH range has not been reported in the literature.
The sorption of Pa (V) on silica as a function of pH is shown in Fig. 4. The sorption
behavior can be explained in terms of ionic species of Pa (V) in aqueous medium
and the zeta potential of silica. The species of Pa (V) that exist in non-complexing
media (0.1 M Na/HClO4) are (a) PaO(OH)2+ between pH 0.3 and 2, (b) PaO(OH)+2
or PaO2

+ between pH 2 and 5, (c) Pa(OH)5 or PaO2(OH) between pH 5 and 9, and
(d) Pa(OH)−6 above pH 9 [33, 34]. Zeta potential of silica is positive≤pH 2, and Pa
(V) also exists as doubly positive charged species resulting in negligible sorption
because of electrostatic repulsion. Between pH 3 and 5, the zeta potential of silica
is negative and Pa (V) exists as mono-positive species which leads to enhanced
sorption. Between pH 5 and 9, quantitative sorption can be explained in terms of
surface complexation.
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Fig. 4 Effect of pH and humic acid on sorption of 231Pa on silica

Above pH 9, Pa (V) exists as negatively charged species and the zeta potential of
silica is highly negative, and the electrostatic repulsion causes the decreased sorption.

3.3.3 Effect of Humic Acid on Sorption of Protactinium on Silica

In the presence of humic acid, the sorption behavior of Pa (V) between pH 3 and
9 is similar to that in the absence of humic acid (Fig. 4). The lower sorption below
pH 2 can be explained in terms of reduced magnitude of the zeta potential of silica
in the presence of humic acid. Above pH 9, the functional groups of humic acid
are fully ionized and the carboxylate group complexes with Pa (V), which results in
the decreased sorption. It is known that Pa (V) ions form anionic complexes with
carboxylic acid group [33, 38]. However, complexation of Pa (V) with humic acid
has not been reported in the literature.

The sorption behavior of Pa (V) on silica without humic acid is similar to niobium
(Fig. 5), suggesting the chemical similarity between the two metal ions. It is known
that protactinium and niobium are chemical analogs under certain conditions [33,
39, 40].

Conventional absorption spectroscopy is not suitable for the determination of
speciation of Pa (V) in solution as the solubility of Pa (V) is very much lower than
the detection limit of the technique. In addition, it is known that the speciation of
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Fig. 5 Effect of pH on the
sorption of Nb and Pa on
silica

a hydrolyzable metal ion is solely governed by its concentration and the pH of the
solution. Hence, inferences drawn by carrying out spectroscopic studies at higher
concentration of Pa (V) ion will not be valid at very low concentrations. Our earlier
attempt to study silica–humic acid, silica–niobium, and silica–humic acid–niobium
system by FT-IR and Raman spectroscopy did not provide any useful information
where the concentrations of niobium and humic acid were 1.12×10−8 M and 5×
10−3 g L−1, respectively. X-ray absorption spectroscopy using synchrotron radiation
has been used to study the speciation of actinides [41, 42]. However, at present we
do not have the facility to handle protactinium at synchrotron.

4 Conclusion

Pa (V) is strongly associatedwith colloidal silica in the pH rangeof 1–12.The sorption
of Pa (V) on colloidal silica in the pH range 3–9 is due to surface complexation,
whereas the nature of speciation of Pa (V) ions in the solution leads to the reduction
in sorption belowpH3and above pH9.The sorption of Pa (V) on silica in the presence
of humic acid is similar but slightly lower to that in its absence. The presence of humic
acid lowers the sorption of Pa (V) on colloidal silica below pH 2 and above pH 9 due
to the reduced magnitude of the zeta potential of silica in the presence of humic acid
and complexation of Pa (V) with humic acid, respectively. The sorption behavior of
Pa (V) and Nb (V) on silica showed the chemical similarity between the two metal
ions.

The results of this study will be useful for modeling migration behavior of protac-
tinium in natural aquatic system as silica Pa (V) pseudocolloid may lead to colloid-
facilitated transport. An investigation into the sorption mechanism of protactinium
using chemical methods is underway.
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Thorium Utilization in Fast Breeder
Reactors and in Cross-progeny Fuel
Cycles

Bal Raj Sehgal

Abstract Utilization of thorium fuel in fast breeder reactors has a distinct advantage,
namely the reduction in the positive sodiumvoid coefficient,which has very favorable
implications for the licensing of the liquid metal fast breeder reactors (LMFBRs).
However, the breeding ratio obtained is lower than that obtained when the U-238-
based fuels are employed. Thorium-fueled fast reactors breed large quantities of
U-233, which can be employed in advanced reactors and thermal reactors moderated
by water and heavy water to increase fuel utilization by ≈20%; thereby extracting a
greater amount of energy permined ton of uraniumore. The cross-progeny fuel cycles
indeed provide excellent fuel utilization performance. Thorium-based metal alloy
fuel in LMFBR applications would eliminate the breeding gain penalty incurred by
employing the thorium-based oxide fuel. However, there is not an extensive database
in the world for the lengthy irradiations of thorium metal fuel in LMFBRs. Thorium
metal and oxide fuels, in general, should have better properties and stability than
the uranium metal and oxide fuels. Thorium fuel cycles have to be closed since
the benefit is obtained only when the U-233 is used. India is the only country in
the world, which has extensive facilities for reprocessing of irradiated uranium- and
thorium-based fuels, in thermal reactors moderated by light and heavy water and
in 500 MWe LMFBRs. The cross-progeny fuel cycles would be a natural vision
to pursue India. This paper was written in 1982 and presented at the US–Japan
Seminar on thorium fuel cycle held in October 1982. The calculations performed
and the results quoted in this paper are of that vintage. However, the cross-sectional
data for Th and other materials has not changed significantly since that time. The
same holds for the methodologies in computer codes, diffusion theory, and the other
methodologies employed in this paper, versus those in computer codes currently in
use. This is a review paper incorporating results from several papers from different
authors, and it is being submitted to remind the community that with the introduction
of GEN IV LMFBRs, other possibilities for thorium utilization could spring forth
and should be studied further and in more depth.
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1 Introduction

Thorium utilization in thermal reactors and advanced convertor reactors (ACRs) has
been of considerable interest since the start of the nuclear power era. This interest
stems from the fact that in the thermal spectrum the 233U (bred from 232Th) is a
superior (higher η value) fissile material than the naturally occurring 235U, and it
may be possible to build a thermal breeder reactor with the 233U enriched fuel.Many
studies [1] have been performed, and some experimental and demonstration reactors
with thorium-based fuels have been built. Principal among them are (a) the Indian
Point 1 pressurized water reactor (PWR), (b) the Peach Bottom and Fort Saint Vrain
high temperature gas reactors (HTGRs), (c) the light-water breeder reactor (LWBR)
at Shippingport, and (d) the molten salt reactor experiment (MSRE) at Oak Ridge.
Unfortunately, none of these reactors graduated to truly commercial deployment,
and large-scale utilization of thorium-based fuels in thermal and advanced reactors
has not matured yet. Studies, on use of thorium in a spectrum-shift reactor [2] and in
D2O moderated and cooled PWRs [3], have also been reported, and the results look
promising. However, an experience base to reliably assess the economic feasibility
of large-scale utilization of thorium-based fuels in thermal and advanced reactors is
not yet at hand.

Utilization of thorium in fast reactors has been studied off and on over the years. A
study [4] by the author (in collaboration with others) investigated the fuel cycle and
the safety parameter characteristics with thorium-based fuels in fast reactors. Studies
on gas-cooled fast reactors (GCFRs) with ThO2 blankets [5] have been reported.
However, there is probably a very small irradiation experience with thorium-based
fuels in fast reactors.

There are two major features that distinguish thorium-based fuels in fast reactors
from the conventional 238U-based fuels. These are (a) the lower breeding potential
and (b) the reduction in the positive sodium void coefficient of reactivity. The former
feature, a consequence of the lower fast fission bonus from 232Th than that from
238U, has traditionally inhibited the consideration of thorium for applications in the
fast reactors. The latter feature has gained more attention lately due to the enhanced
margins obtained against energetic core disruptions during the initiating phase of the
beyond-the-design basis events postulated for the LMFBRs.

Symbiotic (or cross-progeny) fuel cycles have been proposed; the use of thorium in
this context is attractive since it replaces the primary resource of naturally occurring
uranium fuel. In fact, the start of the thorium fuel cycle is only possible with fissile
fuel (Pu or 235U) from the uranium fuel cycle. An attractive cross-progeny fuel cycle
is shown in Fig. 1, in which uranium is employed in the already existing LWRs to
produce 239Pu, which is then combined with thorium and burned in the fast breeder
reactors (FBRs). The 233U produced in the FBRs can be employed in either HTGRs
or ACRs to sustain a self-generation 232Th–233U fuel cycle or as a replacement
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Fig. 1 A typical symbiotic
fuel cycle including thorium
fuel FBRs

for 235U in the LWRs. Many options become possible when both the uranium- and
thorium-based fuels are employed. If the HTGRs and the ACRs do not come into
being due to the insufficiency of resources, a firm resolve, or market success, the
233U fuel can be employed in standard LWRs to increase the conversion ratio and
decrease the apparent fissile material consumption by ~20%. Thus, the breeding gain
lost with the use of thorium in fast breeder reactors may be recovered when 233U is
used either in the LWRs or in ACRs or in HTGRs.

The cross-progeny fuel cycles require the closure of both of the uranium and
thorium fuel cycles so that Pu and 233U are available. In fact, the benefit of thorium
utilization is obtained only when 233U is separated and used subsequently in other or
the same reactor system. The uranium fuel cycle as employed currently in its once-
through mode in LWRs has to be closed before the fast reactors can be introduced
into the nuclear power economy.

The current situation regarding nuclear power development is different in dif-
ferent countries. Clearly, the environment in USA is not particularly conducive to
the entry of thorium as a participant in the nuclear power generation scenarios. The
environment may be different in other countries where thorium utilization may be
of greater significance due to the lack or paucity of indigenous fossil and uranium
fuel resources and a greater commitment to efficient generation of electricity through
nuclear power. It is clear, however, that the use of thorium as a supplement to the
uranium fuel will stretch the available uranium supply considerably. Alternatively,
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with a given supply base of uranium, much larger electricity growth rates can be
sustained [6].

Another issue of some significance, which has to be faced (head-on)when thorium
utilization is envisaged, is that of diversion-resistance of (necessarily) closed fuel
cycles. The introduction of fast reactors, ACRs, thorium fuel all depends upon the
utilization of the bred material. The 233U produced in thorium-based fuel cycles
has been suggested [7] as a vehicle for achieving greater diversion-resistance in
the fuel cycles. This is achieved by denaturing 233U by mixing it with 238U; and
given the high gamma activity of the daughters of the 232U contaminant (bred
along with 233U from 232Th), the mixture would be highly self-protective. The
combination of perceived greater diversion-resistance and improved fuel utilization,
due to the utilization of 233U, is the main impetus for the suggested introduction of
thorium-basedACRs inRef. [7]. A similar diversion-resistant fuel cycle for LMFBRs
has been suggested [8], and an international variant of the ACR concept has been
proposed [9]. The fact remains, however, that closure of both thorium and uranium
fuel cycles is required, albeit a very dirty and messy one. This would entail order of
magnitude higher expenditures on fuel reprocessing and fabrication, in addition to
perhaps a much larger risk of significant occupational exposures. It is also becoming
clear that diversion-resistance of fuel cycles cannot be exactly quantified, and the
exclusion of the utilization of the technologies of FBRs and ACRs based solely
on proliferation concerns is not justified. The employment of improved safeguard
measures, fuel accounting controls, and secured sites should remove any remaining
concerns regarding this issue.

2 Thorium-Based Fuels for Fast Breeder Reactors (FBRs)

Thorium can be employed in the form of mixed oxide, mixed carbide, and metal
alloy fuel. Thorium oxide mixed with plutonium oxide appears to be a viable fuel
since it is similar in physical properties to the mixed uranium–plutonium oxide fuel
currently in use in most of liquid metal fast breeder reactors (LMFBRs). The mixed
thorium oxide has a higher melting point, slightly higher thermal conductivity, but
lower density than the mixed uranium oxide fuel. Thorium–uranium oxide has been
used as fuel for the Indian Point LWR, and post-irradiation examinations showed that
it behaved very well. The thermal and irradiation performance of the mixed ThO2

fuels should, therefore, be very similar to that of the UO2–PuO2 fuel, for which
an extensive database exists. Similar conclusions can perhaps be stated about the
similarity of the thermal and irradiation performance of the mixed thorium carbide
to that of the mixed uranium carbide fuels, for which a small database exists.

Thorium in the form of metal alloys (Th–U, Th–Pu, Th–U–Pu) was studied [10]
on a laboratory scale some years ago. Some key material and thermal property data,
e.g., phase diagrams, fabrication potential, thermal conductivity, density, were estab-
lished. Some small-sample irradiation testing [11–13] was performed to establish
swelling rates, and one transient-heating-to-failure experiment [14] was performed.
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Results of these limited investigations (highlighted in Ref. [4]) indicated that thorium
metal alloys have reasonably high melting temperatures, limited swelling rates, and
relatively mild failure modes. These results also indicated that the thorium metal
alloys have significantly better material, thermal, and irradiation performance than
the uraniummetal fuel employed for the EBR-II reactor, which achieved consistently
very high burnup. The candidacy of the sodium-bonded thorium metal alloys as fuel
for LMFBR applications can be considered as attractive.

3 Performance of Thorium-Based Fuels in a LMFBR Core

In this section, we will review the application of thorium-based fuels in the core
of a representative LMFBR. Both the thorium mixed oxide and metal alloy fuels
are considered, and the calculated results for the important fuel cycle and safety
parameters are compared with those obtained with the PuO2–UO2 fuel. Most of the
information reported here in Table 1 is from Ref. [4]; other published information
was consulted, and the veracity of the information in Ref. [4] was confirmed.

The basic system considered for the evaluation of the performance was a cylinder
with a core radius of 1.4 m and a height of 0.93 m, i.e., a core volume of 5630.1. The
core was divided into three radial regions, namely inner, control, and outer cores with
outer radii, respectively, of 0.92, 1.06, and 1.4 m. The core was enclosed by radial
and axial blankets. The axial blankets have the same volume fractions as the core,
except that the fissile material in the fuel is replaced by the fertile material. Axial and
radial reflectors enclose the blankets. A gap of 0.1 m, in height, is provided above
the fuel height, i.e., between the core and the upper axial blanket for the collection
of the fission gases.

The thorium-based fuels considered were:

the three oxides: ThO2–235UO2; ThO2–233UO2, and ThO2–239PuO2 and
themetal alloys:Th–235U;Th–233U–239Pu, andTh–233U–PuwithLWRgenerated
plutonium containing 58.9% 239Pu, 21.4% 240Pu, 14.2% 241Pu, and 5.5% 242Pu.
In these alloys, the content of the plutonium was =8.8 wt%. The radial blanket
compositions were also varied, being either ThO2, UO2, Th metal, or U metal.

The fuel cycle calculations were performedwith an eight group cross-sectional set
collapsed from a 29 group cross-sectional set, whichwas obtained from the ENDF/B-
III data through the MC2 [15] code. The average broad-group cross sections for the
core region were generated at critical buckling and at zero buckling for the others.
The cross sections for the 232Th and 238U were determined at 700 K and 1200 K
to obtain the Doppler reactivity coefficients. The core region volume fractions were:
46% coolant, 17% clad and structure, and 37% fuel. The smear density for thorium
metal alloy fuel rods was taken as 76% to allow swelling of the fuel with burnup
into open radial space within the clad as is done in the Mark II fuel of EBR-II.
The smear density for the oxide fuel rod was taken as 85%. The blanket region
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volume fractions were 70% fertile material, 15% structure, and 15% coolant, and the
reflectors contained 85 vol.% stainless steel and 15 vol.% coolant.

The calculations were performed in R-Z geometry with the REBUS [16] code,
and the results are presented in Table 1 for both the equilibrium and the first core. The
reference PuO2–UO2 core is case 9, and the comparison depicts the penalty incurred
in breeding ratio with the ThO2-based fuels. The penalty disappears when the metal
alloys are employed as the fuel material. The 235U-fueled (both oxide and metal
alloy) cores lead to a convertor, instead of a breeder reactor. In these calculations,
the core fuel is discharged at 9 atom % average burnup after three cycles and the
radial blanket after eight cycles. The cycle lengths obtained in this manner were then
employed for the first core calculations. It is seen that the equilibrium cycle lengths
for the metal alloy fuels are a little bit longer than those for the reference PuO2–UO2

fuel. The PuO2–ThO2 fuel has a shorter cycle length than the reference fuel. The
breeding ratios for the equilibrium cycle are somewhat lower than those for the first
core cycle, due to the fission product build up, except for the 235U-fueled systems
where the 233U produced helps in increasing the breeding (conversion) ratio. The
fissile inventories for the three metal alloy-fueled cores are approximately the same
as they are for the two oxide fuels, with the latter group requiring slightly more
material.

The sodium void �k and Doppler coefficients for the starting composition of
the first core cycle were determined with the CITATION code [17] and are also
shown in Table 1. It is clear that the most outstanding feature of the thorium-fueled
cores is the very marked reduction in the positive reactivity coefficient for sodium
voiding from the core. In fact, except for the PuO2–ThO2-fueled core, the whole-core
voiding coefficient is negative. The calculations also show a sufficiently highDoppler
coefficient. The values obtained for these coefficients play key roles in strengthening
the arguments against the occurrence of energetic core dispersal during the initiating
phase of the hypothetical accidents considered in licensing appraisals, e.g., the loss
of flow and the transient overpower without scram events.

The sodium void worth distribution calculations were also performed for some of
these reactors with diffusion perturbation theory. The radial distributions along the
axial midplane and core upper edge and the axial distributions along the core center
and core outer edge are compared in Figs. 2 and 3 for some of the cases in Table 1. The
low magnitude of sodium void reactivity is exhibited by the Th–233U metal alloy
core. The Th–233U–239Pu-fueled core exhibits approximately one-third the sodium
void reactivity change as does the PuO2 core. It is also seen that Th–233U-fueled
core (operating exclusively on the thorium fuel cycle) has negative reactivity worth
for sodium voiding in a very large region of the core and only when the voiding takes
place in a region less than 1 m radius that a positive reactivity addition could occur.
The whole-core voiding reactivity change is negative for an all thorium cycle metal
alloy-fueled core.

The results of the calculations shown in Table 1 can be examined for deducing
the effect of the blankets on the fuel cycle. Comparison of cases 5 and 6 shows that
employing the U metal blanket instead of the Th metal blanket for the Th–233U
metal alloy core increases the breeding gain; however, the substitution results in
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Fig. 2 Radial distribution of sodium void worth

extra 239Pu produced instead of extra 233U, and it may not be what is desired. The
blanket fertile material does not greatly affect the reactor physics parameters, except
for the bred material formed during the cycle, which in turn determines the type of
the cross-progeny fuel cycles that can be started or sustained.

4 Performance of Thorium-Based Fuels in a GCFR

Thorium-based fuels can also be employed in a GCFR. The GCFR-proposed fuel
element design is very similar to that of a LMFBR, except that the fission products
produced are vented to a purification system. The GCFR cores are generally larger in
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Fig. 3 Axial distribution of sodium void worth

size than the LMFBR cores since the power density is substantially less than that in
the LMFBR core. A proposed 1200 MWe design has a core height of ~1.35 m, core
radius of ~1.6 m, with core volume of ~11,000 L. The axial blanket is of ~0.60 m
height at each end, and there are two rows of radial blanket. The core has four
enrichment zones for keeping the radial power distribution as flat as possible. The
fuel assembly contains 331 rods of ~0.76 cm diameter. The radial blanket design is
similar to that of the LMFBR.

The proposed fuel for the GCFR core is a mixed oxide, i.e., a mixture of PuO2 and
ThO2. The proposed blanket fertile fuel may contain UO2 or ThO2. A completely
thorium-based fuel cycle would burn the 233U produced in a self-sufficient (self-
generation)mode, and only the extra 233U produced could be employed in starting or
sustaining a thermal reactor in the cross-progeny mode. The main impetus for using
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Table 2 Results of comparative study between thorium and uranium blanket in a 1200-MWe ref-
erence mixed oxide GCFR

Parameter Uranium blanket Thorium blanket Thorium core and
blanket

Average core
enrichment

14.3 15.0 15.6

Core peak to average
power

1.33 1.39 1.51

Internal core
conversion ratio

0.82 0.79 0.71

Breeding ratio 1.48 1.46 1.27

Compound doubling
time, yeara

9 10 17

Excess fissile material 239Pu+241Pu 233U 233U

Production, kg/year 460 410 240

Levelized fuel costs,
mill/kWhb

1.1c 0.4–0.6b …

aAt 80% load factor, 1-year out-of-pile time 1X% losses
bAt fuel cycle parameters from Ref. [3]
cPu at $10/g
d233U at $14–25/g

thorium-based fuels in a GCFR is to produce 233U and not to reduce the coolant
void coefficient since the latter is very small anyway.

A set of calculated results reported in Ref. [5] are shown in Table 2, where the
comparison ismade between an all thorium (232Th–233UO2) core and thoriumoxide
in the radial blanket and the plutonium–uranium oxide-fueled core with either a UO2

or a ThO2 blanket. It is seen that the breeding ratio does not change significantly
when uranium is replaced by thorium in the radial blanket. The thorium oxide blanket
on the PuO2–UO2 core produces a large quantity of the 233U. The all thorium-based
breeder has a lower breeding ratio and produces a smaller quantity of excess 233U
for future deployment. The GCFR can produce relatively large quantities of 233U in
the blankets, while burning large quantities of 239Pu.

5 Performance of 233U-Fueled LWRs, HTGRs, and ACRs

As indicated in Fig. 1, the cross-progeny fuel cycles will employ the 233U produced
in the thorium-fueled fast breeders either in the currently available LWRs or in the
HTGRs andACRs. The use of 233U fuel in LWRson the basis of straight replacement
of 235U, i.e., 233U-enriched uranium, reduces the total fissile inventory considerably.
The results of calculations reported in Ref. [18] show that for a 30,000 MWe/metric
ton burnup, the starting enrichment of 233U for a PWR will be 2.44% instead of the



152 B. R. Sehgal

Fig. 4 Fissile requirements for near-breeder HTGR

3% required with 235U fuel. The integral conversion ratio for 233U-fueled core is
~10% higher than that for the 235U-fueled core. If the 233U is mixed with Th in
the form of oxide fuel and employed in unmodified PWRs, the initial enrichment is
~3%; however, the conversion ratio is ~0.75, i.e.,�25% higher than that available
currently from the slightly enriched UO2-fueled PWRs.

The HTGR has been designed to employ thorium fuel, and therefore, replacement
of 235U by 233Uwill be a natural extension of the concept. It is possible to construct
a HTGR to have a conversion ratio slightly greater than 1.0. However, as is common
in most ACRs [19], increasing the conversion ratio requires higher initial inventory.
The best possible use of the 233U resource occurs when the design conversion ratio
is closer to 0.9. This is shown in Fig. 4 reproduced from Ref. [20]. It is seen that the
initial core inventory for the HTGR design with a conversion ratio greater than 1.0 is
~3 times that with a conversion ratio close to 0.9. The annual makeup increases with
lower conversion ratios; however, the gain made in the initial inventory is enough to
make the 30-year fuel requirements smaller for the lower conversion ratio design.

There are several ACR designs which can employ 233U to advantage. The princi-
pal one among themwas theLWBRatShippingportwhichhas demonstrated breeding
with the 233U–232ThO2 fuel in a light-water-moderated and -cooled system. The
LWBR concept aimed at using a core design providing strict neutron economy to
achieve breeding. A number of special design features had to be incorporated in the
core: (a) a seed-blanket design with variable 233U content, (b) a high metal/water
ratio (between 1.5 and 2.3 compared to 0.8 for a PWR), and (c) reactor control by
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movable fuel or fertile rods in addition to the safety shutdown rods made of neu-
tron poisons. The reactor also used high 233U enrichment, low average fuel burnup,
and power density of approximately one-half of that in a PWR. The LWBR did not
produce as much power from a given vessel as does a present-day PWR.

TheCANDU reactor is another possible ACRoption for the use of 233U produced
in thorium-fueled LMFBRs. The CANDU core with 233U feed and ThO2 fertile
material can reach sufficiently high conversion ratios that the fuel cycle becomes
self-sufficient [21]. The CANDU system has had excellent operating experience
over the years with net plant factors of above 80%. The capital costs of CANDU
system are estimated to be greater than those of the PWRs. However, the continuous
refueling scheme reduces the fuel cycle costs [22].

Other thermal or near-thermal advanced reactors have been proposed, e.g., the
molten salt breeder [23], the spectrum-shift control reactor, in each of which the
233U–Th fuel cycle produces very high conversion ratios and is very resource-
efficient.

6 Special Features of Thorium Fuel Cycles

Thorium fuel cycles in both thermal and fast reactors have their own special features.
One is the buildup of 232U in the irradiated fuel, whose decay begins a long chain
of nuclides emitting gamma rays between 0.4 and 2.6 meV. Remote handling of
the recycled fuel is, therefore, required, and the fuel reprocessing and refabricating
become complicated. This, however, will also be required for the plutonium recycle
fuel. Another feature is the buildup of 233Pa which decays to 233U with a 27 days’
half-life. The shutdown reactivity requirement is therefore increased. Finally, the
delayed neutron fraction β of 233U–232Th fuel is less than that for the 239Pu–238U
fuel. This will affect the reactor period and the rate of power increase below prompt
critical. More stringent operational controls, e.g., lower worth for control rods and
slower withdrawal rates may be required.

7 Thermal Performance of Thorium-Based Fuels in FBRs,
LWRs, HTGRs, ACRs

Thermal performance of thorium mixed oxide fuels has been determined for FBRs
[4], LWRs, HTGR, and the various ACRs. There is essentially no difference between
the thermal and irradiation performance of the ThO2- and UO2-based fuels.

The thorium metal alloy fuel is suitable for application in LMFBRs, where its
thermal performance should be satisfactory and indeed better than that of the Th
mixed oxide fuel. The swelling of thorium metal alloy fuel is less than that for the
U metal alloy fuel, and it can be contained successfully, as is the U metal fuel in
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the EBR-II Mark II fuel element. The Thorium metal alloy fuel has not had any
operational experience so far.

8 Summary and Conclusions

The application of thorium-based fuels in fast breeder reactors and in cross-progeny
fuel cycles has been discussed. The fuel of choice for LMFBR application should
be thorium metal alloy fuel, since its breeding and thermal performance are as good
or better than that with the PuO2–UO2 fuel. The major advantage of employing
thorium-based fuels in LMFBR is that of the reduction in the sodium void coeffi-
cient in a uniform geometry core. If one considers, that for the early LMFBR plants,
the PuO2–UO2 fuel is replaced by the PuO2–ThO2 fuel; the calculated results for a
1000MWe core show, that for whole-core voiding, the sodium void coefficient could
be reduced from the level of ~10$ to that of 2$,withoutmaking any changes in the core
geometry. Thus, measures such as introduction of internal blankets (heterogeneous
core designs), reduction of core height increase axial leakages. Seed-blanket-type
conceptual designs [24] required for reducing the magnitude of the positive sodium
void coefficient for a PuO2–UO2-fueled core may not be required. These measures
generally imply much higher initial fissile loadings and several operational prob-
lems for which engineering solutions have to be sought. The radially heterogeneous
designs appear to be an effective way to reduce the magnitude of the positive sodium
void reactivity coefficient in large cores; however, they have very high fissile load-
ings and the swing in the rate of heat generation with operational time, in the internal
blankets during the burnup cycle which has to be provided for.

The application of thorium-based fuels in GCFR should be with thorium oxide
in the radial blanket, since the GCFR does not have the large positive coolant void
coefficient of reactivity. The breeding ratio of a GCFR is high, and the fertile ThO2

blanket will produce copious amounts of 233U, which can either be recycled in
GCFR or employed in a cross-progeny mode. The use of 233U, produced either
from a LMFBR or a GCFR fueled with thorium, in a thermal or near-thermal reactor
will lead to highly efficient (possibly self-sufficient) fuel cycles. The ACRs perform
especially well with the U fuel, and the desirable choice would be the HTGRs and
CANDU reactors for service respectively in USA and in Canada. Even the current
generation LWRs will benefit from the use of 233U as fuel. The major issue to be
settled before the application of thorium is possible in any reactor concept is that of
closure of the fuel cycle. Without it, thorium application will lead to greater need of
fissile material.

Another aspect of the current situation in USA and other parts of the world is the
extraordinarily large stockpile of Pu collected from the military and the commercial
LWR operations. When the thorium reprocessing is well established, the large quan-
tities of Pu available should be utilized and the thorium-fueled LMFBRs could serve
as transmuters of Pu to 233U. A case can be made for such an application of Pu
and thorium since the penalty incurred in using thorium in FBRs can be recovered
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when 233U is employed in the LWRs. The LMFBRs and LWRs will be perhaps the
most feasible combination with the use of thorium in LMFBRs, and the utilization
of reprocessed 233U in LWRs and cross-progeny cycles would be of considerable
overall benefit.
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Electrolytic Reduction of Uranium Oxide
in Molten Fluoride Baths in Small
Electrolytic Cells

Nagaraj Alangi, Jaya Mukherjee and P. Anupama

Abstract Use of molten fluoride salt towards electrolytic reduction of actinides and
lanthanides by molten salt electrolysis is of interest for problems related to metallic
nuclear fuels. Electrolytic reduction of uranium oxide for producing uranium metal
has also assumed importance because of the introduction of AVLIS in the nuclear
fuel cycle. Feasibility of electrolytic reduction of uranium oxide in molten fluoride
melts has been demonstrated in laboratory scale electrolytic cells. Experiments were
performed to study the effect of variation of size of the cell, anode and cathode
configurations, liquid cathode materials, anode materials and different electrolytes.
Reproducible feasibility results with different forms of uranium oxide and liquid
cathodes have been demonstrated.

Keywords Electrolytic reduction · Molten fluoride · Uranium oxide
Liquid cathode

1 Introduction

Electrolytic reduction of uranium oxide to uranium for producing uraniummetal has
assumed importance because of the introduction of metallic nuclear fuels and atomic
vapour laser isotope separation (AVLIS) in the Indian nuclear fuel cycle.

A process with the following considerations, for the uranium feed metal prepara-
tion, can be advantageously integrated to the nuclear fuel cycle.

a. Minimal number of steps or a single step process
b. The least effluent and minimal radioactive waste generation
c. Process amenable for operation in a radiochemical environment
d. Low or nil potential for criticality hazard from the neutronic accident point of

view
e. Process capable of accepting any of following feed material directly
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a. Oxides (UO2, UO3, U3O8 etc.)
b. Partially oxidized metal
c. Recycled bath.

f. Amenable for continuous or semi-continuous operation

In the electrolytic reduction process above the melting point of uranium, the ura-
nium oxide dissolves in the molten fluoride. The electrolyte is composed of fluorides
of Li, Ba, Ca, etc., which provides the desired electrochemical window of operation.
Addition of UF4 enhances dissolution of UO2 and its decomposition to U4+ and O2−
ions. The tetravalent uranium ions migrate to the cathode and get converted ura-
nium metal at the cathode. Liquid uranium is deposited in the cell operating above
the melting point of uranium. Oxygen ion migrates to the graphite anode and gets
converted to CO and leaves the cell.

Uranium metal production by electrolysis of UO2 above the melting point of ura-
niumwith UF4 as additive in LiF–BaF2 base electrolyte has been reported by various
authors since 1958. Niedrach et al. [1–5] published several reports describing a pro-
cess for the electrolytic reduction of UO2, UO3 and U3O8 to uranium metal. Henrie
and coworkers [6] studied the preparation of liquid uranium, by direct electrolysis
of UO2 dissolved in 35 wt% UF4, 5 wt% LiF and 60 wt% BaF2 melts. Piper et al.
[7–12] and Stevenson [13] reported investigations on the electrolytic production of
uranium metal from UO2-carbon consumable anode pellets by mixing UO2 powders
and coal tar pitch in BaF2 65wt%—LiF 10wt%—UF4 25wt% electrolyte. Haas et al.
[14] verified the work that was reported in UF4 based electrolytes by conducting the
experiments already reported by others with more data in the areas of optimization
of current efficiencies, current densities, bath composition, composition, generation
of cell gases and solubility of feed materials. Takeshi Shimada et al. [15, 16] reported
direct electrolysis of uranium oxide with LiF–BaF2 and CaF2–BaF2 based salts with
25 wt% UF4 solvent.

The objective of the study was to identify a cell configuration that leads to pro-
duction of uraniumwith LiF–BaF2-25wt%UF4 and utilize the cell to study the effect
of the source of uranium in the form of UO2 powder, UO2+C pellets or sintered UO2

pellets and also different liquid cathodes to produce uranium alloy as product.

2 Materials Used and Electrolyte Bath Preparation

LiF and BaF2 were sourced from M/s. Sigma Aldrich with CAS No. 7789-24-4 and
7787-32-8, respectively. They were of reagent grade with minimum assay of 99%.
UF4 was procured from Uranium Extraction Division, BARC which was of nuclear
grade and had a minimum assay of 99%. Nuclear grade UO2 powder and sintered
UO2 pellets were obtained from Nuclear Fuel Complex, Hyderabad and were of the
same specifications as that used for reactor applications. All the salts were dried
in vacuum at 1073 K for 3 h in a graphite crucible and then transferred into the
desiccators, as stock.
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Cathodic and anodic materials were chosen such that the overpotential was mini-
mized and they were compatible with the cathodic and anodic products, respectively.
High-density graphite (density>1.95 g/cc) components were used in all the exper-
iments for the crucible and the anode compartment. For the cathode compartment
application, electrically insulating hexagonal boron nitride was used which has good
corrosion resistance to liquid uranium, U alloys and also electrolytes of LiF–BaF2
with UF4. All the structural materials in the high-temperature zone, namely, the
radiation shields, the anode and cathode connector rods which were not in contact
with the electrolyte, were made of either graphite or molybdenum. The connectors
for the anode and cathode that were in contact with the electrolyte were made of
high-density graphite.

2.1 Salt Preparation

The electrolyte mixture was prepared by weighing and mixing the individual pre-
dried salts of LiF, BaF2 and UF4 in the desired proportions in a mortar and pestle
and transferred to a 1200 cc graphite crucible. The conditioning procedure of the
salt mixture involved in first equilibrating the electrolyte mixture at 673 K for 24 h
and for another 24 h at 1473 K while a continuous stream of high-purity argon gas
having<0.1 ppm of oxygen provided an inert atmosphere.

2.2 Preparation of UO2+C Pellets

Two types of UO2+C pellets were prepared and used in the experiments. In the first
type of UO2+C pellets, stoichiometric amount of carbon required for the reduction of
UO2 was added along with 1 wt% zinc behenate as the binder and 1 wt% naphthalene
as the lubricant. Powder mix was prepared in~50 g batches and pellets of 13 mm
diameter, ~8 mm height each weighing~4 g were prepared by cold pelletization at
5T/cm2 load. The green pellets were heated at 673 K in vacuum of 1E-2 m bar to
remove the binder and lubricant, further heated to 1573 K in high-purity argon gas
atmosphere at a rate of 100 K/h soaked for 4 h and then cooled to room temperature.
In the second type of pelletization, carbon powder was mixed with stoichiometric
amount of UO2,~2–3 wt% biomass tar (obtained from pyrolysis of municipal waste)
was added as binder. Detailed chemical analysis of the tar was not conducted as
the composition depended on the nature of the municipal waste. Pellets of 13 mm
diameter, ~8 mm height were prepared at 5T/cm2 load and weighed~3.8 g each.
The pellets were heated to 1573 K at 100 K/h in argon gas and soaked for 4 h for
graphitization of tar.
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No shrinkage of the pellets was observed after heating; therefore, separate poros-
ity measurement was not conducted. The density of UO2+C pellets prepared by
the above-mentioned process varied between 3.5 and 3.6 g/cc. The sintered pellets
remained intact during handling and assembling of the electrolytic cell.

3 Experimental Set-up

The set-up for electrolysis experiments consisted of a muffle to provide an inert
gas cover and a heating system to achieve the desired temperature. The material
selection was based on thermodynamic considerations, functionality, properties of
the materials, cost and ease of fabrication. A recrystallized alumina tube of 100 mm
inner diameter, 115 mm outer diameter and 800 mm length, closed at one end,
was used as muffle. Water-cooled stainless steel flanges with Viton O ring seals
were used on the open end of the alumina tube. The flange had openings for gas
inlet and outlet connections and fitted with leak tight feed-throughs for electrode
connections (to anode and cathode) and thermocouple. The inert gas purge line tubes
and sheathed thermocouples were taken through feed-throughs with Viton O ring
seals. The anode and cathode electrical connecting rods were taken through Teflon
seals; both the anode and cathode connecting rods could be independently lifted or
lowered to achieve the desired immersion depth in the molten salt bath. Where the
crucible was used as an electrode, the inter-electrode distance was maintained by the
extent of insertion into the crucible, which was calibrated prior to the experiment.
The alumina tubewas heated by a 6 kW resistively heated furnace controlled by a PID
controller within the range of±3 K. A pack of radiation shields of 98 mm diameter
was used to prevent heat losses and to maintain a uniform temperature zone; the
pack of shields was supported from the flange by 3 mm diameter Inconel 600 rods. A
high-density graphite crucible (different sizes in different experiments) was used to
contain the salt mixture. The crucible containing the electrolyte rested on a perforated
alumina plate of 98 mm diameter and 5 mm thick, which in turn rested on the floor
of the alumina tube. All the anode compartments to hold UO2 powder, UO2 pellet
or UO2+C pellet were made out of high-density graphite. This anode compartment,
which contained the powder, had a provision to fasten an 8 mm diameter threaded
rod. A graphite rod of 10mmdiameter withM8 threadingwas connected to the anode
compartment on one end and the other end of the rod was connected to a graphite
adapter, which was fastened to a 6 mm diameter molybdenum rod, as shown in the
schematic of the experimental set-up in Fig. 1. A graphite rod was used to provide
electrical connection to the cathode chamber,whichhad aprovision to connect a 6mm
diameter molybdenum rod similar to that for the anode. The desired cathode current
density was attained by providing an insulating BN liner to the graphite crucible,
exposing only the desired area of the graphite surface. All the other high-temperature
structural members were made of either graphite or molybdenum.

High-purity argon with<0.1 ppm of oxygen was purged continuously during the
experiment, with the oxygen concentration in the inlet gas being monitored continu-
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1. Water cooled stainless steel flanges 2. Recrystallized alumina tube
3. Molybdenum rod anode connector 4. Nickel cathode connection
5. Graphite powder holder 6. Graphite crucible cathode
7. BN insulating liner 8. Uranium oxide powder
9. Electroyte 10. Alumina base plate

Fig. 1 Schematic of the electrolysis set-up

ously by an online Systech 800 Series oxygen analyzer. The furnace was housed
inside a fume hood and the purge gas released into the fume hood was passed
through HEPA filters and a water scrubber to remove radioactive particulate and
fluoride vapour, respectively before exhausting to the environment. A photograph of
the experimental set-up in the fume hood is shown in Fig. 2.

4 Experimental Variables for Electrolysis of UO2 to U
Metal

The effects of the following were studied in this work: (1) variation of size of
the cell, (2) anode and cathode configurations, (3) liquid cathode materials, (4)
anode materials and (5) different electrolytes. Four cell sizes S-80, S-350, S700 and
S-1400 were used in the complete experimental plan, which had electrolyte holding
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1 Fumehood 4 Experimental setup with alumina tube
2 Furnace inside fumehood 5 Fumehood sash
3 Thermocouple 6 Control panel for furnace

Fig. 2 Photograph of the experimental set-up for electrolytic reduction inside the fume hood

capacity of 80, 350, 700 and 1400 g, respectively. Different anode and cathode
design configurations were used in each cell size. The configurations of the set-ups
are shown in Figs. 3 and 4. The cathode area in different cell designs varied from
0.785 to 11.43 cm2. Similarly, the polarity of the electrolyte container was either
anodic, cathodic or electrically floating.

In the electrolysis experimentswith S-80 and S-350 cell sizes, four different anode
designs were used: A bucket type anode as shown in Fig. 5a to hold~5 g of UO2,
a perforated anode cylinder to hold~10 g UO2 as shown in Fig. 5b, floating BN
powder holder for~25 g UO2 as shown in Fig. 5c and a graphite powder holder
anode for~25 g of UO2 as shown in Fig. 5d. The experiments were conducted with
inter-electrode distance varying from 10 mm to 30 mm. The features of all the cell
configurations used in this study are compiled in Table 1.

Given the severity of the operational conditions imposed due to the melting point
of uranium, the high-temperature chemical reactivity of uranium metal with the
electrolyte and the container material, and also the corrosion of the container by
the molten electrolyte, there was no scope to vary a large number of parameters.
With the limited solubility of UO2,~2 wt% in LiF–BaF2-25 wt% UF4 and the size
of the cell chosen for the experiments for the feasibility studies, continuous addition
of UO2 was not considered. Thus, each experiment was a batch process. As the
primary objective of the study was to demonstrate the feasibility of the process of
uranium oxide to uranium metal conversion, no separate effort was directed towards
the determination and improvement of the cathode and anode current efficiencies.
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1. Graphite crucible as anode
2. Graphite rod as cathode
3. Boron Nitride insulating sleeve
4. Electrolyte
5. Boron Nitride crucible as collector
6. UO2+C pellet
7. Copper as starter material

Setup D

1. Graphite crucible as anode
2. Tungsten rod as cathode
3. Boron Nitride cathode chamber
4. Electrolyte
5. Perforation for electrolyte entry

Setup E

(a) (b)

(c)

(d) (e)

Fig. 3 Schematic of set-up A, B, C, D and E the for electrolysis experiments
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Fig. 4 Schematic of set-up
F the for electrolysis
experiments

Fig. 5 Different anode designs used in the electrolysis studies in S80 and S350 electrolytic cells

The experimental procedure involved in equilibrating the electrolyte and uranium
oxide source (Sintered UO2 pellets, UO2+C pellets, UO2+C+biomass tar pellets and
UO2 powder), with the electrolyte after pre-treatment at 673 K and 1473 K for 24 h at
each temperature. Several electrolysis experimentswere conducted inLiF:BaF2(1:1)-
25 wt% UF4 salt mixtures in different electrolytic cell designs to arrive at the cell
configuration which results in uranium deposition. The electrolysis was conducted
at 3.5 V with a cathode current density of~2A/cm2 for durations between 200 and
300 min. Off-gas analysis, which provides information on the nature of the anodic
reaction, was not included in the study. The post-electrolysis step involved cooling
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Table 1 Comparison of different electrolytic cell designs

Set-up A Set-up B Set-up C Set-up D Set-up E Set-up F

Cell size S80 S350 S700 S700 S700 S1400

Capacity, g 80 g 350 g 700 g 700 g 700 g 1400 g

Graphite
crucible
dimensions

47 mm OD,
42 mm ID,
50 mm
height

58 mm OD,
50 mm ID,
100 mm
height

95 mm OD,
85 mm ID,
110 mm
height

95 mm OD,
85 mm ID,
110 mm
height

95 mm OD,
85 mm ID,
110 mm
height

95 mm OD,
85 mm ID,
210 mm
height

Polarity of
crucible

Cathodic Cathodic Anodic Anodic Cathodic Electrically
floating

Anode Graphite
bucket with
UO2

UO2 in
graphite
cylindrical
bucket with
perforations

Graphite
crucible
with UO2 at
the bottom

Graphite
crucible,
pellet
holder and
UO2+C

Graphite
crucible

UO2+C in
closed
graphite
compart-
ment with
perforations

Cathode Graphite
crucible

Graphite
crucible

Copper in
contact
with
graphite rod

Copper in
contact
with
graphite rod

2.5 mm �

tungsten
rod

Liquid
copper or
tin

Cathode
area, cm2

0.785 cm2 3.18 cm2 1.25 cm2 1.25 cm2 2.1 cm2 11.43 cm2

Source of
uranium

UO2
powder

UO2
powder

UO2
powder

UO2+C
pellets

UF4 only UO2+C
pellets

the contents to room temperature. The contents of the crucible, the cathode or the
anode compartments were examined and samples were taken for analysis. In a few
of the experiments, the crucible along with the boron nitride liner was cut across the
diameter to study stratification in the electrolyte and preferential settling of uranium
oxide.

5 Results and Discussion

Although the results were encouraging for the smaller cells (S-80, S-350 and S-
700), electrolysis experiments did not yield any recoverable uranium. There was no
coalesced liquid uranium obtained after these experiments. Molten uranium being
the desired product, dispersed, re-oxidized, dissolved uranium in the electrolyte that
is not recoverable, was not considered as the product. In all the experiments with S-80
and S-350 cells, a mixture of UO2 and electrolyte was always observed at the bottom
of the crucible owing to settling of higher density of UO2 in the electrolyte. In the
small cells, due to the proximity of the anolyte and catholyte, the transfer ofU3+ which
was generated at cathode by re-dissolution of the deposited uranium, to the anode
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Fig. 6 Photographs of components of electrolysis studies

regionwas faster. Near the anode, U3+ was oxidized toU4+, thereby setting up a cyclic
reaction which resulted in a large parasitic current. This was confirmed in the cells of
S-350 typeby the appearance of green colour near anode indicatinggreater abundance
of U4+ and brown or red colour at the cathode indicating predominant presence of
U3+. In case of S700 cells with both UO2 powder and UO2+C pellets, electrolysis
did not yield any coalesced uranium that could be collected. However, the contents
of the cathode chamber in the BN crucible were found to have higher concentration
of~28% uranium as against 18.9% uranium in the electrolyte. This indicated that
uranium ions were migrating towards cathode and reducing to uranium, but quickly
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Fig. 7 Typical XRD analysis of metal confirming the formation of USn3

redissolving the product into the electrolyte. The colour near the cathode, which was
brown or red, indicated presence of UF3, supporting the inference of re-dissolution.

Hence the efforts were directed towards use of a liquid cathode (set-up F) of higher
quantity which alloys or traps and acts as an immediate sink to the uranium produced,
thereby reducing its activity in alloy form. Tin was used as the liquid cathode in
the experiments based on its thermodynamic suitability with the electrolyte and
container materials. In the experiments with UO2+C pellets, USn3 compound was
formed with tin metal, which was confirmed by XRD on a sample from tin mass.
The total uranium in the tin cathode mass was~6.8 g. Formation of USn3 compound
indicates that production of coalesced uraniummetal required a good combination of
favourable factors, namely, availability of dissolved UO2, formation and coalescence
of uranium and reduction of re-dissolution after electrolysis. The absence of any one
factor might lead to either poor or no deposition of uranium. The anode current
densities are limited by the onset of anode effect; hence, a high ratio of anode to
cathode area is desirable. In the current experiment, cathode area was 11.4 cm2 and
the anode area was~110 cm2; hence, no anode effects were observed even when the
cell operated at 2A/cm2 cathode current density. In fact, it posed no problem for trials
even higher cathode current densities.

With this arrangement, the effect of different forms of UO2 was further inves-
tigated. UO2 powder and sintered UO2 pellets were used in separate experiments
in LiF–BaF2-25 wt% UF4 electrolyte with the identical configuration and anode
designs shown in Fig. 6a, b, respectively. The electrolysis conditions were main-
tained identical to those of experiments with UO2+C pellets. In these experiments,
USn3 formation was again confirmed by XRD. It was expected that depolarization
of the anode due to the presence of carbon along with UO2 in UO2+C pellets will
help the electrolysis. However, there was no change in the potential to maintain a
cathode current density of 2A/cm2, either with UO2 powder or with sintered UO2

pellets compared to the potential with UO2+C pellets. The rate of dissolution of UO2

pellets might have been sufficient to maintain the required cathode current density,
and hence no anode effect was observed. One could conclude that the dissolution
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rate of uranium oxide from UO2 powder, sintered UO2 pellets or UO2+C pellets did
not have any effect on the electrolysis. Photographs of the components used in the
electrolysis are shown in Fig. 6. Process repeatability in LiF:BaF2:25%UF4 elec-
trolyte was established. Typical XRD pattern of the USn3 cathode product is shown
in Fig. 7.

6 Conclusions

The technical feasibility of a process for electrolytic reduction of uranium oxide to
uranium-tin alloy in LiF–BaF2-25 wt% UF4 electrolytes at 1473 K has been demon-
strated in laboratory size cells. Given the operating conditions, a continuous process
for the production of uranium should be possible. Coalescence of uraniummetal was
amajor cause for the poor production of metal in all the small cell experiments. In the
electrolysis experiments, the form of uranium oxide, namely UO2 powder, UO2+C
pellets or UO2 pellets, was not found to have influence on the formation of uranium.
Also anode effect never occurred in any of the electrolysis runs as sufficient dissolved
uranium oxide must have been available and the anode current density was one order
less than the cathode current density. Possibly the U4+↔U3+ cyclic reaction led to
depolarization of anode. The current efficiencies were found to be in the range of
7–8% in all the experiments. Although very high-cathode current efficiencies have
not been obtained, sufficient metal has been produced to indicate that kilogram level
production is possible. Higher efficiencies should be possible in large size electrolytic
cells than that were obtained in laboratory cells.
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Evolution of Actinides in ThO2 Radial
Blanket of Prototype Fast Breeder
Reactor

Abhitab Bachchan, K. Devan, G. Pandikumar and P. Puthiyavinayagam

Abstract The third stage of India’s nuclear program envisages utilization of tho-
rium through Th–U233 cycle in view of the better abundance and relative merits of
thorium. For early introduction of Thorium into the nuclear energy system, several
R&D programs have started to find the best possible route of thorium utilization.
Toward this, efforts were made to assess the feasibility of Th–U cycle in a fast spec-
trum reactor like prototype fast breeder reactor (PFBR). The effect on core neutronic
parameters and actinide evolution with the replacement of depleted UO2 in the PFBR
blanket SA with thorium oxide has been studied using 3D diffusion code FARCOB.
Study shows that by the introduction of thorium blanket, core excess reactivity is
coming down by~535 pcm, and core breeding ratio is slightly lower than that with
conventional oxide blanket. The distribution of region wise power production is
slightly changed. Power from radial blanket is reduced from 3 to 2% while the core-
1 power is increased from 49 to 50%. The estimated U233 production is 7.6, 11.5,
and 14.1 kg/t with 180, 360, and 540 days of irradiation, respectively. In addition,
U-232 production is also estimated using ORIGEN-2 code. The amount of U-232
per radial blanket SA is about 165 ppm at discharge burnup of 3500 GWd/t.

Keywords Thorium · PFBR · Actinide buildup · Neutronic parameter
One group cross section

1 Introduction

Thorium-based fuels ensure long-term sustainability of nuclear power in India
because of its large abundance. Towards this, thorium utilization through U233–Th
cycle is necessary to be studied in various reactor systems [1]. The three-stage pro-
gram of India targets utilization of thorium in the second-stage fast breeder reactor
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Fig. 1 Capture and fission
cross-section for U-238 and
Th-232

and third stage with advanced heavy water reactor (AHWR). The irradiation of tho-
rium has been made in a research facility to demonstrate the challenging task of
reprocessing and fuel fabrication [2]. The radiological problem in Th–U cycle is
associated with U-232(~69 years), whose daughter products are hard gamma emit-
ters with longer half-life. For example, one of the daughter products of U-232 like
Tl208 is a hard gamma emitter (Eγ : 2.6 MeV) which has very small half-life. The
increase in build-up of Tl-208 results in increased dose rate in the fuel. Another
concern of Th–U fuel cycle is the high toxicity potential of Th-229 [3]. Thorium uti-
lization has been investigated in the European Fast Reactor EFR and CAPRA cores
[3]. The role of liquid metal cooled fast reactors (LMFBRs) in the utilization of
thorium resources in India had been investigated by Ramanna and Lee [4]. The main
focus of the present study is to see the thorium utilization in fast spectrum reactor
like PFBR. Presently, PFBR uses depleted UO2 as the blanket material and later it
may be replaced with thorium oxide (ThO2). The capture and fission cross section
for Th-232, and U-238 is shown in Fig. 1. The changes in core neutronic parameters
and actinide evolution in PFBR with ThO2 blanket is studied using FARCOB and
ORIGEN-2. The salient observations of this study are reported in this paper.

2 Details of PFBR Core

The prototype fast breeder reactor (PFBR) core has two enriched fuel zones of mixed
oxide (PuO2–UO2) fuel. The active core consists of 85 fuel sub-assemblies (FSA)
of low enrichment (20.7% PuO2) in the central region followed by 96 FSA of higher
enrichments (27.7%PuO2). The radial and axial blankets are of depletedUO2 [5]. The
fuel SAs are surrounded by 117 radial blankets (RB) which are arranged in two rows
and followed by 138 steel reflectors, one row of inner B4C shielding assemblies,
in-vessel storage, and shielding assemblies. The active core contains 12 absorber
rods (AR) for reactivity management and shutdown. Out of the 12 ARs, nine are
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Fig. 2 Equilibrium core of
PFBR

: Core-1 (85) : Core-2 (96) : RB (117)

: CSR (9) : DSR (3) : Source SA (3)

: Reflector (138) : B4C shield (78)
(not all shown)

designated as the control and safety rods (CSRs) and the other three as the diverse
safety rods (DSRs). The core also contains three neutron source assemblies placed
at 120° symmetry in between core-2 and RB assemblies. The core layout used for
the neutronics calculations is given in Fig. 2.

All FSAs are made of 217 helium-bonded fuel pins. Each fuel pin has 1000 mm
column of fuel, 300-mm-long upper and lower axial blankets and upper (230 mm)
and lower (750 mm) fission gas plenum. RB assembly contains 61 blanket pins of
diameter 143 mm. Active length of radial blanket is 1600 mm, and the total mass of
thorium in a blanket SA is about 112 kg at the beginning of cycle. Fuel and blanket
pins are encased in a 20% cold worked D9 steel cladding and are separated from
each other by a helical spacer wire. The thorium blanket SA design (like pin dia,
pin pitch, material fraction) is assumed to be the same as that of the reference UO2

blanket SA.

3 Method of Analysis

The neutronics calculations based on 3D diffusion theory have been performed using
FARCOB code [6] to assess the core neutronics parameters. Neutronics calculations
are performed in 26 groups using homogeneous model and the adjusted Russian
multigroup library calledABBN-93 [7]. It is to be noted that this cross-section library
has been adjusted for medium-sized sodium-cooled fast reactor cores using MOX
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Fig. 3 FARCOB code
system
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Th–U cycles
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fuels. Isotopic concentration is calculated using the codeATOMIX [8].Heterogeneity
effect is taken into account while preparing the self-shielded cross sections for fuel,
blanket, and absorber rods [9]. For the absorber rods, the transport equation is solved
by considering 2D cylindricalmodel using the first flight collision probabilitymethod
(using COHINT code [10]) to obtain the fluxes for cross-section homogenization. A
flowchart showing various codes/modules and cross-section libraries in the FARCOB
code systems is given in Fig. 3. The actinides chain used in FARCOB to study the
Th–U cycles is given in Fig. 4 [11].

ForU-232production estimation,ORIGEN2 [12] has beenused.ORIGEN2works
based on a point source model, and on the summation approach, to estimate isotopic
inventories. The code solves the Bateman equation for estimating the production
and depletion of nuclide. The complex reactor physics details including geometry,
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self-shielding are assumed to be fed through the effective spectrum averaged reaction
cross-section data that pertains to the reactor under study. The code is associated with
several databases of nuclear data for different types of reactors. The data suitable
for PFBR has already been included in the system. In addition to cross sections, the
database consists of decay data and fission product yield data.

4 Results and Discussions

4.1 Nuclear Data

Table 1 gives the PFBR radial flux spectrum averaged one group self-shielded cross
sections of Th-232, U-233, U-238, and Pu-239. It shows that there is significant
difference in fission cross sections of fertile nuclides, viz., Th-232 and U-238. The
fission cross section of Th-232 is approximately four times lower compared to U-
238. The capture cross sections are almost similar. Due to lower values of fission
cross section and average number of neutrons released per fission (ν), the value ofη
Th-232 is about six times smaller than that of U-238.

4.2 Influence on Core Parameters by with Thoria Blanket

The first change observed with ThO2 blanket with respect to the UO2 is the reduction
of core excess reactivity by~535 pcm. This is due to the enhanced absorption in
thorium compared to uranium (Table 1). Larger capture to fission ratio of Th232

compared to U238 makes thorium systems less neutron economic. Table 2 shows that
power production in RB comes down from 3 to 2% which leads to higher power
production from the fuel for obtaining the same core power. It is also observed that
there is small reduction in the breeding ratio (~0.02%).

Table 1 Comparison of nuclear data corresponding to ThO2 and depleted UO2 radial blankets

RB
Material

Nuclide One group cross
sectionsa

ν σc
σ f

η

σ capture σ fission

Thorium Th232 0.43 0.0048 2.36 89 0.027

U233 0.41 3.6012 2.50 0.12 2.24

Uranium U238 0.38 0.0218 2.77 17.4 0.16

Pu239 1.03 2.2830 2.89 0.36 2.12

aPFBR radial blanket neutron flux spectrum averaged self-shielded cross sections
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Table 2 Impact of ThO2
blanket on power production
in fresh core

Region Region wise power production (%)

With UO2 blanket With ThO2 blanket

Core-1 49 50

Core-2 45 45

LAB 1 1

UAB 1 1

RB 3 2

4.3 Actinide Build-up in the Radial Blankets

Figure 5 shows the build-up of actinides (kg/t) in the radial blanket for continuous
irradiation. The estimated U233 production is about 8, 12, and 14 kg/t in 180, 360,
and 540 days of irradiation. Figure 5 also shows that Pa233 is initially builds-up and
comes down while U-233 builds-up continuously. The production of U234, U235, and
fission product is small. Build-up of actinides with respect to burnup in Th–U cycles
is given in Fig. 6. The estimated build-up of U233 in a SA with burn-up of 0.97 and
1.9 MWd/kg is about 2.4 and 3.3 kg, respectively. The available amount of U234 and
U235 even with higher burn-up of 2.4 MWd/kg is only few grams.
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Evolution of Actinides in ThO2 Radial Blanket of Prototype Fast … 177

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75
-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

A
ct

in
id

es
 M

as
s 

in
 S

A
 (k

g)
Pa233
U233
U234
U235

SA Burnup (MWd/kg)

Fig. 6 Build-up of actinides with burnup

0 500 1000 1500 2000 2500 3000 3500
0.0

0.1

0.2

0.3

0.4

0.5

U
23

2 
Pr

od
uc

tio
n 

(g
) p

er
 S

A

Burnup (MWd/t)

 Inner Ring 
 Outer Ring

Fig. 7 Build-up of U-232 with burnup in RB

4.4 Build-up of U-232

Based on ORIGEN-2 computations, the inventory of U-232 is computed and
shown in Fig. 7. The study shows that the production of U-232 is almost linear in
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lower burnup range. The amount of U-232 per radial blanket SA is about 0.48 g
(165 ppm) at discharge burnup of 3500 MWd/t for inner ring SA. However, it can
be noticed that, for the same burnup, the amount of U-232 is higher in the inner ring
SA than outer ring SA.

5 Conclusions

Early introduction of thorium-based fuels in Indian nuclear power program is very
essential to ensure long-term energy security. The issues associated with the Th–U
fuel cycle (front-end to back-end) are being studied in thermal as well as in fast
spectrum reactors. Thorium pins irradiated in CIRUS have been reprocessed and the
produced U-233 is used as fuel in KAMINI (U-233 based fuel) reactor. In addition,
reactors like AHWR are also designed for thorium utilization. In this context, in the
present study, the U-233 production potential in fast reactor, especially in PFBR is
studied using 3D diffusion code FARCOB code system and the U-232 production is
estimated using ORIGEN-2.

The study shows that there is no appreciable change in core neutronic param-
eters with the replacement of depleted UO2 with thorium oxide in radial blanket
SA. The core excess reactivity reduces by 535 pcm, and power production in RB
comes down from 3 to 2%. Due to lower values of fission cross section and aver-
age number of neutrons released per fission (ν), the value of η for Th-232 is about
six times smaller than that of U-238. There is slight reduction in the core breeding
with respect to the depleted UO2 blanket (~0.02%). Estimated build-up of U-233 in
a SA with burn-up of 0.97 and 1.9 MWd/kg is about 2.4 and 3.3 kg, respectively.
The available amount of U-234 and U-235 even with burnup of 2.4 MWd/kg is few
grams. The estimated amount of U-232 per radial blanket SA is about 165 ppm with
discharge burnup~3500 GWd/t. Studies that are more detail are under progress to
know evolution of actinides including U-232 build-up.
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A Proposal for a First ADS Demonstrator

Jean-Pierre Revol

Abstract The international ThoriumEnergy Committee (iThEC), a non-profit asso-
ciation, under Swiss law, was founded in 2012 with the goal to promote R&D on
the use of thorium in order to transmute nuclear waste and produce safe, clean and
abundant energy. To meet the tremendous world energy needs, systematic R&D has
to be pursued to replace fossil fuels. Nuclear energy, which is abundant, energy-
intensive, produces no greenhouse gases or air pollution should be a leading can-
didate. iThEC is at the origin of two new initiatives: a first ADS experiment of
substantial power (≥1 MW) at INR Troitsk in Russia, which I will describe, and
an innovative high-power superconducting cyclotron. Global cooperation is highly
desirable in this domain, and I will discuss possibilities of cooperation based on the
CERN experimental collaboration model.

Keywords Thorium · Accelerator-driven systems · ADS · iThEC · Nuclear waste

1 Introduction

The international Thorium Energy Committee (iThEC) [1] is a Geneva-based, non-
profit association, founded under Swiss law in 2012, strongly associated with CERN.
Its members, from 14 countries, include physicists, engineers, politicians and others
concerned by energy issues. Several iThEC members were involved in pioneering
CERN accelerator-driven experiments: FEAT [2] and TARC [3] carried out by Nobel
Prize Laureate Carlo Rubbia and his team, as well as in the design, construction and
exploitation of the CERN neutron test facility n_TOF [4].

iThEC is acting to promoteR&Din the use of thorium inorder to transmute nuclear
waste and produce safe, clean and abundant energy, in particular with accelerator-
driven systems (ADS). Whether countries such as Germany or Switzerland decide to
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stop their nuclear program, or others such as France continue their nuclear program,
or others such as India and China and several developing countries build a nuclear
program, nuclear waste management is a common important issue that has not yet
found a convincing solution. The additional constraint on geological repositories to
make the spent fuel retrievable for future destruction requires new storage techniques
to be developed. It also brings a stronger argument in favour of developing, as soon
as possible, the technology needed to destroy the long-term component of nuclear
waste. Therefore, it is the primary goal of iThEC to promote the development of such
technology. The first task for iThECwas the organization of the ThEC13 conference,
in the CERN Globe of Science and Innovation, in October 2013. This conference,
attended by the major world players in thorium R&D, provided a review of the status
of the field, crucial to the iThEC for the definition of its strategy.

2 iThEC’s Motivations

Fossil fuels are present in finite quantities in the Earth’s crust, and inevitably, theywill
run out sooner or later. At the rate they are used today, the timescale for exhausting
these sources of energy is of the order of 50–100 years for oil and gas, and of
100–150 years for coal. If consumption continues to increase, this will occur sooner.
These are short-time periods considering the implications. However, there are strong
reasons for replacing fossil fuels by better fuels even sooner. Indeed, it does not make
sense to burn fossil fuels till supplies have run out:

– In the first place, there is an increasing consensus that global warming due to the
release of greenhouse gases issuing from human activities is a serious problem.
Even if this is doubted, precaution should prevail.

– The immediate major problem associated with burning fossil fuels is air pollution.
This is already very costly to society. For instance, burning coal costs Europe alone
more than 40 billion Euros in annual healthcare expenses. The European Environ-
mental Agency declared that “Air pollution poses the single largest environmental
health risk in Europe today”. More than half a million deaths per year in China
are due to air pollution [5]. World Health Organization (WHO) estimated that one
in eight of total deaths in the world is the result of exposure to air pollution. This
means that the use of fossil fuels kills 10,000 people each day.

– In addition, fossil fuels could be put to much better use. For instance, instead of
burning oil, it can be used in the manufacturing of plastics, rubber, tires, paints,
glue, drugs, cosmetics and detergents.

In conclusion, there is every reason to stop burning fossils fuels, as soon as pos-
sible. Today fossil fuels represent 86% of the primary energy consumption [6]. The
problem is that they are cheap and abundant so the current tendency is still to increase
their consumption (Fig. 1). It is expected that, given a rising standard of living and a
global population plateauing between 10 and 11 billion inhabitants, the world energy
consumption would have to increase by a factor 3 or more in the next 100 years to
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Fig. 1 World primary energy consumption from 1990 to 2015, showing that coal, gas and oil
represent 86% of the world consumption, hydro 6.5%, nuclear 4.4% and renewable 2.8% [6]

keep pace with demand. Therefore, replacing fossil fuels is a formidable challenge to
society that can only be met through vigorous and systematic Research and Develop-
ment (R&D). As far as the energy domain is concerned, this R&D must be pursued
without prejudice and must include nuclear energy. There is no reason to believe that
nuclear energy could not be made acceptable to society, in terms of safety, waste
management and proliferation. Its incomparable advantages are that: it is abundant
and energy-intensive; it does not produce greenhouse gases or create air pollution.

This challenge may also turn out to be an opportunity, as the innovation required
will drive economic growth. This is particularly true for developing countries that
do not yet have a fully developed nuclear industry. These countries have the choice
of copying what was done in countries with advanced nuclear industry or taking the
innovative option. In this way, they would control the energy market in the future,
which is clearly the intention of China.

3 Why Thorium?

Given the expected huge energy demand, any potentially important source of energy
must be considered. In particular, thorium as the required technologies represents
only a modest extrapolation of existing nuclear and particle accelerator technolo-
gies. As stated by Carlo Rubbia at the ThEC13 international conference, thorium
constitutes “a sustainable energy resource on the human timescale” [7].

Indeed, thorium exists in abundance. There are 1.2 × 1014 tons of thorium in
the Earth’s crust, which is about the same as lead, and three to four times more
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Fig. 2 Main elements produced by irradiation of thorium in a fast neutron flux. The production of
TRU is strongly suppressed as it takes seven successive neutron captures to produce plutonium-239
starting from thorium-232

than uranium. Thorium used in breeding mode represents a resource potential 500
times larger than uranium-235 used in present thermal neutrons reactors. Thorium
resources are broadly distributed on the Earth, and India is particularlywell endowed,
with the largest thorium resources [8]. Natural thorium is isotopically pure, found
mostly in monazite ores, and relatively cheap as often a by-product of rare earth
mining. Thorium produces smaller amounts of long-lived nuclear waste (TRU)1

than uranium (Fig. 2). In addition, it has excellent physical properties such as higher
melting point for both metallic and oxide forms, and better thermal conductivity
when compared to uranium. This means that there are higher safety margins for
design and operation. When used in ADS, thorium offers the most efficient method
to destroy TRU through fission [9] and allows the system to be subcritical, with
obvious safety advantages. Most importantly, the thorium fuel cycle has the great
advantage of being proliferation resistant.

The advantage of a thorium ADS as advocated by C. Rubbia with the Energy
Amplifier (EA) [9] is very clear: while for CAPRA [10] or any uranium–plutonium
fast reactor the equilibrium concentration of plutonium is about 15% (Fig. 3), it is
only of the order of 10−6 in an EAwith thorium fuel. Therefore, it is easy to achieve in
an EA a plutonium concentrationmuch larger than 10−6 and be in efficient plutonium
consumption mode. On the other hand, burning plutonium at a high rate in CAPRA
requires concentrationsmuch beyond 15%; onemust exceed 40% to competewith the
EAwith an incineration rate, which could reach 80 kg/TWhe. Under such enrichment
conditions, a uranium–plutonium fast reactor would become extremely dangerous
(small bare critical mass, very little control margin, worse temperature coefficient,
increased void coefficient, etc.), and the effective incineration rate would remain

1Transuraniumelements (TRU): chemical elementswith atomic numbers greater than 92 (the atomic
number of uranium).
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Fig. 3 Net plutonium consumption in CAPRA [10] in kg of plutonium per TWh of electric energy
as a function of plutonium enrichment of the fuel mixture in percentage. (SourceCEA unpublished)

modest because the reactivity decreases very rapidly as fission fragments build up.
The situation would even be worse with high enrichment in minor actinides.

Mainly because of neutron inventory reasons, thorium cannot simply be substi-
tuted for uranium in critical reactor fuel [11]. Uranium-233 has to be bred from
thorium in order to produce energy. Three basic approaches are envisaged:

1. A chain of critical reactors to first breed plutonium (in CANDU reactors). After-
wards, use the plutonium in fast sodium-cooled critical reactors around which a
thorium blanket allows the breeding of uranium-233, so it can be used to man-
ufacture fuel for advanced thermal rectors. This scheme has been adopted by
India; it technically works but requires maintaining three different reactor tech-
nologies. Moreover, it does not solve the problems of nuclear waste management
and sustainability.

2. Moving the fuel continuously so that there is always fresh fuel in the core. This
can be done in pebble-bed reactors or in molten salt reactors, both of which have
serious safety issues. In travelling wave reactors, which have yet to be developed,
it is not the fuel that moves, but the neutron breeding and fission wave.

3. Using a particle accelerator to produce the extra neutrons needed to sustain a
chain reaction, in so-called accelerator-driven systems. C. Rubbia demonstrated
that this is the most efficient and elegant solution for using thorium [9]. This
is what motivates iThEC in its efforts to promote accelerator-driven thorium
systems (ADTS).
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4 Accelerator-Driven Systems

Unfortunately, at the moment, developed countries do not seem to be ready to move
in the direction of thorium fuel. So far, in most countries with established nuclear
power generation, the development of thorium technologies has been opposed for
political reasons by green parties and for economic reasons by nuclear industry,
already vastly invested in the development of a newgeneration of fast critical uranium
breeder reactors (Generation IV [12]), and which benefits from institutional funding.
However, the development ofADS is not in competitionwith present nuclear industry
programs, and it is now time to start preparing for the future.

The recent history of ADS may be characterized by four phases. The first phase,
which demonstrated the basic concepts of ADS, in particular at CERN at the initia-
tive of Carlo Rubbia, was completed in the 1990s. The FEAT experiment [2] (Fig. 4)
provided a verification of the basic concepts and validated the innovative simulation
code (Fig. 5) developed by Carlo Rubbia and his group. The second phase, which
tested all the various elements of an ADS separately, was completed in the 2000s:
a proton beam of power exceeding 1 MW at PSI; a neutron spallation source of
1 MW, MEGAPIE, also at PSI, and various developments of high-power spallation
targets for SNS, ESS and EURISOL; the development of high-power superconduct-
ing accelerating cavities by the particle physics community; the EUROTRANSR&D

Fig. 4 Photograph of the FEAT experiment [2] set up at the CERN Proton Synchrotron (PS). It
was a subcritical (keff ~0.9) thermal neutron system, with 3.62 tonnes of natural uranium. The PS
beam was injected horizontally. The beam vacuum pipe is visible on the upper right corner of the
photograph
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Fig. 5 Radial dependence of the neutron flux as measured in the FEAT experiment [2]. The mea-
sured points (blue squares) are compared to simulations: with the Energy Amplifier innovative code
(green dots), with MCNP-4B (red triangles). The neutron flux distribution expected under critical
conditions is shown to illustrate the difference between subcritical and critical systems. Note the
excellent agreement with the innovative code developed by Carlo Rubbia and his group

program of the European Union on partitioning and transmutation for the uranium
fuel cycle.

It would seem natural to follow these first two phases with a phase three consisting
of the first coupling of a proton beam to a fast-neutron subcritical core at a significant
power (≥1MW). However, this step is still missing, more than 20 years after the first
pioneering FEAT experiment. Phase three should also include the development of an
accelerator optimized for industrial applications ofADS. Phase three is concentrating
all the efforts of iThEC at the moment.

The good news is that there exist already two important ADS projects in theworld,
which are aiming directly at what could be defined as the industrial or fourth phase:
the MYRRHA project [13] in Europe, which should be the flagship of ADS systems.
Unfortunately, at this time it is not fully funded and the intended date of completion,
2025, will most likely be exceeded. The other important project is ADANES in
China [14], which has the ambition of reaching 1000 MW of electrical power by
2032. Given their long timescales, and the large leap into industrialization, both
projects would benefit from a phase three. In addition, there are many other ADS-
related activities in progress, in particular in Ukraine, but still at low power and with
a thermal neutron flux, based on an electron beam of 100 kW driving a subcritical
core ready to be commissioned [15]. Given the importance of the energy issue, the
lack of coordination and collaboration between these various efforts is regrettable.
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5 iThEC—INR Proposal

In the context of phase three, iThEC is at the origin of two new initiatives: a first ADS
experiment of substantial power (≥1 MW) in collaboration with INR Troitsk [16],
near Moscow, and a high-power superconducting cyclotron [17], in collaboration
with CERN, in Geneva Switzerland.

Through a systematic reviewof the status of thoriumR&D in theworld at ThEC13,
visits of the Institute of Nuclear Research RAS, Moscow (INR), and detailed discus-
sions with INR management, iThEC became convinced of a rather unique opportu-
nity in Russia, at the Troitsk INR laboratory. Here the existing infrastructure would
allow, for the first time at significant power (a few MW), the coupling of a pro-
ton accelerator to a fast-neutron subcritical core. The accelerator exists (Fig. 6) and
only needs a relatively modest refurbishment. Troitsk is already operating a neutron
spallation source. A beam line towards an available experimental pit could be imple-
mented quickly (Fig. 7). In addition, the infrastructure exists for the manipulation of
radioactive materials.

It is estimated that in 5 years’ time a landmark experiment could be carried out
whichwould validate the properties of anADTS, demonstrate safety, demonstrate the
destruction of minor actinides, and test methods for the production of new radioiso-
topes for medicine. This would be at 5% or less of the cost of currents projects

Fig. 6 View of the 600 MeV LINAC installed in a 500 m building at INR Troitsk
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Fig. 7 Photograph taken at INR Troitsk of the beam target area showing the proposed ADS pit (9)
and the presently operating pulsed neutron source cell (10) and its beam line (8). Taken from [16]

Fig. 8 Curves of constant core power in neutron multiplication coefficient ks versus beam power
in MW, for Troitsk proton beam energy of 300MeV, showing that the required core power in excess
of 1 MW can be obtained with ks below 0.98

such as MYRRHA [13]. A road map of the project has been prepared jointly by
INR management and iThEC. The Troitsk experiment would constitute in addition
a welcome versatile fast neutron test facility, the sub-critical character of which,
guarantees safety. Discussions with contacts in China, the Czech Republic, India,
South Korea, Japan, Switzerland, Turkey, Chile, as well as with IAEA indicate that
such a project, if approved, would get international support, and a collaboration on
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Fig. 9 Schematic of the available ADS pit, of the shield and its basic dimensions: (1) concrete
base; (2) steel plates (additional protection of subsoil waters against activation); (3) radioactive
water collector in case of an accident; (4) layer of serpentinite; (5) water-cooled heat shield; (6)
steel shield (thickness~2.5 m); (7) concrete shield (density 2.8–3.5 g/cm3). Adapted from [16]

the CERN experimental collaboration model would be possible. Global cooperation,
which iThEC is actively stimulating, is highly desirable in this domain.

The main goals of the proposed Troitsk ADS experiment are:

(1) To characterize the properties of an ADS, at substantial power (a thermal power
of order 1 MWth or above needed to observe temperature behaviour) and in a
fast neutron flux (Destroy nuclear waste (TRU) through fission requires the use
of a fast neutron flux);

(2) To demonstrate the feasibility of destroying nuclear waste efficiently (samples
of various actinides will be tested);

(3) To study operational procedures and demonstrate safety;
(4) To test properties of various fuels including thorium;
(5) To test new possibilities in the production of radioisotopes of interest in industry

and in medicine.

In addition, this unique fast-neutron subcritical facility could be used to test mate-
rial properties, the subcritical nature of the system providing obvious safety advan-
tages over critical systems.
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Fig. 10 Conceptual design of the subcritical core of the Troitsk ADS experiment. The area labelled
“Reflector”, corresponds to zone 5 on Fig. 9, which includes a water-cooled heat shield and repre-
sents a boundary condition for the design of the subcritical core, as it is already in place. The driver
zone is occupied by enriched uranium fuel. The lead area has holes (test channels), which allow
the introduction of neutron detectors or of samples to be irradiated, at various distances from the
spallation target

The accelerator is being refurbished to reach a proton energy of 250–300 MeV
and an average beam power of 25–75 kW. With such beam power, a thermal core
power of 1–3 MW can be obtained with ks ≤0.98 (Fig. 8).

The ADS pit (Fig. 9) already exists and will allow the introduction of a subcritical
core of outer diameter 1.6 m (Fig. 10). The proton beam is inserted horizontally, at
a height of 1.1 m above the floor. iThEC and INR are presently working to simplify
and optimize the core design. The next step is that ROSATOM will be preparing an
engineering design that they will submit to the Russian authorities for approval.

6 iThEC Accelerator Project

iThEC is also at the origin of an accelerator project submitted to the European
Union, in the framework of the Horizon 2020 FET program. This is a collaboration
with CERN, PSI and leading European industrial companies to design an innovative
single-stage, high-power superconducting cyclotron [17] (Fig. 11). Reliability, min-
imal beam losses and a much lower cost than other accelerator technologies are the
main goals of the study.



192 J.-P. Revol

Fig. 11 3D view of the six-sector single-stage cyclotron with reversed valley B-field, considered
for the Horizon 2020 FET proposal [17] (patented under the name S2CD by AIMA DEVELOPPE-
MENT)

7 Conclusion

In conclusion, thorium is an important energy resource that cannot be neglected.
It is most important not to leave thorium ADS out of energy R&D programs. The
development of thorium technologies is an opportunity for developing countries,
such as India. The ADS experiment at INR Troitsk and the development in parallel
of an innovative high-power superconducting cyclotron are both necessary steps
towards an industrial ADS prototype and the exploitation of thorium resources. It is
the priority of iThEC to obtain approval for these two projects. INR Troitsk offers
a unique opportunity to advance significantly the field of ADS at a modest cost
compared to all other projects and faster. As Russian authorities would like to see
international support for the Troitsk experiment, iThEC and INR are seeking partners
from the international scientific community.
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Proposal for an Experimental Fast ADS
Using Th–Pu MOX Fuel for Higher
Actinide Transmutation

Amar Sinha, Tushar Roy, Y. S. Kashyap, S. Bajpai and M. Shukla

Abstract An experimental program to design and study external source-driven sub-
critical assembly has been initiated at BARC. This program is aimed at understanding
neutronics of accelerator-driven system at low-power level. In this series, an experi-
mental thermal subcritical core BRAHMMAdriven by a D-D/D-T neutron generator
has been developed. Various ADS-related technique development and experiments
for flux measurement, reactivity measurement using PNS techniques, noise meth-
ods, etc., have been conducted using this thermal assembly. Following the successful
implementation of BRAHMMAwhich is thermal assembly, low-power experimental
fast ADS based on Th–Pu MOX fuel has been proposed for the next stage of ADS
programme to study the issues related to higher actinide transmutation using ADS.
Fast ADS is an excellent tool for waste transmutation and worldwide efforts are on to
study such a system on low-power scale. However, most studies such as Guinevere
(Belgium) have been limited to enriched uranium and lead system, whereas from
Indian point of view, thorium–plutonium fast experimental ADS system is of direct
interest not only from the point of view of waste transmutation but also for thorium
utilization using ADS. Design concept and issues related to a Th–Pu MOX fast sub-
critical assembly driven by intense D-T neutron generator for mock-up studies of
waste transmuter ADS will be discussed.

Keywords ADS · BRAHMMA · Th–Pu MOX fuel · Reactivity

1 Introduction

Energy is the key to economic growth of a country. Among the various options being
explored for long-term energy production, nuclear energy is being considered to
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be not only a long-term solution but also a carbon dioxide-free option. However,
despite a very good record of operating nuclear reactors for more than 65 years,
there are some apprehensions in the mind of common man about nuclear energy.
One of the major concerns relates to waste produced by nuclear energy in the form
of fission product and transuranic (TRU) waste which have long half-life. Among
these waste nuclides, transuranic nuclides have not only large contribution in terms
of radioactivity but also longest half-life extending to tens of thousands years. To
allay the fears in the mind of public, technologies have to be evolved to find a long-
term solution to this problem. Evolving methods of managing TRU wastes [1] is
thus one of the primary goals of nuclear waste management. One of the solutions
is to incinerate the long-lived TRUs by using the methods of nuclear transmutation.
Nuclear transmutation converts these nuclides into nuclides which have manageable
half-life. The efficiency of transmutation of these TRUs is governed by neutron
economy and energy spectrum of neutrons transmuting them. A fast spectrum is
ideally suited to fission TRUs to relatively low half-life fission product. However, the
transuranic elements have low fraction of delayed neutrons. This creates a problem
of safety and control if these transuranic are loaded in critical fast reactors. Also,
the Doppler feedback for transuranic loaded fast critical reactors is low compared to
conventional fast reactors owing to low fertile content. Thus, transmuting TRUs in
conventional fast critical reactor has inherent safety issue.

Accelerator-driven system (ADS) has no such issue of neutron economy or safety
as their power is controlled by external neutron source. ADS, being subcritical to
start with, is not affected by low-delayed neutron fraction of transuranic elements or
Doppler feedback. ADS has an additional advantage, particularly in Indian context,
for utilization of thorium. Thorium by itself is not fissile and needs additional neutron
to convert it to fissile. This puts a problem of neutron economy in using thorium in
critical reactors. The spallation reaction used in ADS is a neutron-rich reaction and
can easily supply additional neutrons for thorium breeding over and above those
coming from fission.

Keeping this objective in mind, India has embarked upon accelerator program for
ADS applications. However, besides accelerator there are major neutronics, safety,
control, physics, and engineering issues which must be studied before such a concept
can be realized. This is being done worldwide using a low-power system. Such low-
powered systems have been designed worldwide using a variety of neutron sources
such as D-T neutron source or photo-neutron source to study various physics issues
of ADS. As a part of the ADS program in India, a subcritical assembly BRAHMMA
(BeO Reflected And HDPe Moderated Multiplying Assembly) [2, 3] driven by
an indigenously developed deuteron accelerator has been designed, developed, and
commissioned at Bhabha Atomic Research Centre, India. This experimental facility
has enabled the study of various physics parameters related to neutronic and dynamic
characteristics of ADS.

BRAHMMAexperimental system is first in a series of proposed subcritical assem-
bly. Various experiments carried out at this facility will be discussed in this paper.
For the next stage, a fast spectrum ADS based on Th–Pu for demonstrating waste
transmutation is being designed. A preliminary design overview of fast ADS will
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also be discussed in this paper. The first part of the paper will highlight the role of an
experimental thermal ADS for developing methods for subcriticality measurement
in thermal ADS. The second part of paper will discuss next stage in the form of a
conceptual proposal for fast ADS using Th–Pu MOX fuel for waste transmutation.

2 BRAHMMA—Thermal ADS

The primary strategy in making of experimental ADS system in India has been
to design a modular and neutronically simple system so that various experimental
studies can be done without the need of complex neutronic modeling. To do so,
Indian subcritical system BRAHMMA was designed using HDPE as moderator
which enabled modular design. To keep the system compact, beryllium oxide (BeO)
was used as reflector. The fuel rods are arranged in a 13×13 square lattice with
48-mm pitch. A central cavity (144 mm × 144 mm) has been provided for inserting
neutron generator. The system is described in detail in [2]. The system in the present
configuration has keff of 0.89. However, due to its modular design, it is possible
to increase keff of system by using enriched fuel. This subcritical system is driven
by D-D or D-T neutron source in pulsed or DC mode depending upon the need of
experiment (Fig. 1).

2.1 Experimental Measurements

Since the experiment channels are narrow, special miniature 3He detectors have
been developed [4] for experimental measurements. The miniature 3He detector has

Fig. 1 a BRAHMMA (front view), b coupled to neutron generator
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a diameter of 6.2 mm, active length of 70 mm, and sensitivity of 0.4 cps/nv. The
experimental measurements performed have been listed below:

• Spatial flux profile—axial and radial
• Pulsed Neutron Source (PNS)

– Area Ratio Method
– Slope Fit Method
– Source Jerk Method

• Bell–Glasstone spatial correction for PNS measurements
• Noise Measurements

– Feynman-α
– Rossi-α

• Source Multiplication

2.1.1 PNS Measurements

Pulsed neutron source (PNS) techniques [5, 6] are one of the simplest methods
for reactivity measurement of a subcritical system. In PNS techniques, the detector
response to a short neutron pulse is measured. Following the neutron pulse, the neu-
tron population first rises to a peak and then dies away quickly due to the subcritical
nature of the system. After a short period of time, the detector response decays much
more slowly to represent the emission of delayed neutrons in the reactor. Three tech-
niques—namely area ratio method, slope fit method, and source jerk method—have
been employed to measure reactivity (ρ) and prompt neutron decay constant (α).

For area ratio and slope fit experiments, the external pulsed D-T neutron source
is operated with a pulse period of 10 ms (100 Hz). The neutron flux in the subcritical
assembly is recorded by the detectors from a number of repetitive neutron pulses
(typically 50,000 pulses) once the delayed neutron level has reached an equilibrium
value. Figure 2 shows the PNS histogram for detectors located in the reflector region.

The reactivity of subcritical system as measured by area ratio method is spatially
dependent. In order to remove this spatial dependence, we need to correct measured
reactivity by a spatial correction factor. For our system, we have calculated spatial
correction factors by a method suggested by Bell and Glasstone [7]. This is a static
simulation method which has been implemented using Monte Carlo technique [8,
9]. The spatial correction factor for area ratio method is given as

f �
(

ρcri

ρsrc

)
� −

(
Ad

Ap

)(
1

βeff

)(
1 − keff
keff

)
(1)

where Ap is the prompt area, Ad is delayed area, ρcri is reactivity calculated by
computer codes in criticalitymode, andρsrc is reactivity calculated by computer codes
in source mode with the external neutron source. The experimental reactivity values
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Fig. 2 PNS histogram for
detectors located in reflector

measured in area ratio method are corrected by multiplying with the Bell–Glasstone
correction factor.

Source jerk is another pulsed neutron techniquewhich can be used to infer reactiv-
ity. In this technique, the subcritical system is operated at a steady flux level (say, n0)
and then the neutron source is switched off. The neutron population inside the core
will attain a lower neutron level (say, n1). This quasi-static level will decay according
to the decay rate of delayed neutron precursors. Using point kinetic equation, the
reactivity of the subcritical core is given by:

ρ$ � ρ

βeff
� −n0 − n1

n1
(2)

2.1.2 Noise Measurements

The reactivity of subcritical system can bemeasured by studying the variance tomean
ratio of the neutron countswith respect to various counting gatewidths. The deviation
of the variance to mean value from one, known as Feynman Y (T ), is defined as

Y (T ) � Var(T )
Mean(T ) − 1 � ε

6∑
i�0

Ai

(
1 −

(
1 − exp−αi t

)
αi t

)
(3)

The i=0 term corresponds to the prompt part and α0 is the prompt decay con-
stant. The higher order terms are for the delayed neutron precursors. The prompt
decay constant is then used to obtain reactivity. Preliminary Feynman-α measure-
ment has been carried out. The experimental Y -curve is shown in Fig. 3. The value
of α0 is obtained by fitting Eq. 3 to the measured data. The measured keff value is
0.888±0.003.
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Fig. 3 Feynman Y -curve for
continuous DD source

3 Proposal for Experimental Fast ADS

For the next stage of ADS programme in India, a low-power experimental fast ADS
based on Th–Pu MOX fuel has been proposed to study the issues related to higher
actinide transmutation using ADS. Fast ADS is an excellent tool for waste trans-
mutation and worldwide efforts are on to study such a system on low-power scale.
However, most studies such as Guinevere [10] have been limited to enriched ura-
nium and lead system, whereas from Indian point of view, Th–Pu system is of direct
interest not only for fast ADS but also as a multipurpose system to study the third
stage of India nuclear program which proposes to use thorium and plutonium.

In continuation with thermal ADS programme, we propose to develop methods
and tools suited for understanding behavior of fast subcritical system. In particular,
we intend to study the following parameters:

• Methods of subcriticality monitoring of a fast subcritical system;
• Interpretation and validation of experimental data;
• Validation of core power/beam current relationship;
• Benchmarking and code validation activities;
• Establishing start-up and shutdown procedures;
• Safety issues of different components as well as that of the integrated system as a
whole;

• Validation of dynamic behavior of an ADS in a wide range of subcritical levels,
subcriticality safety margins, and thermal feedback effects.

In particular, this programwill provide answers to the questions of online reactivity
monitoring, subcriticality determination, and operational procedures forADS similar
to methods we adopted for thermal ADS. It should also demonstrate minor actinide
transmutation by providing some dedicated positions in the core for special fuel
assemblies. Finally, it should serve as a general multi-purpose neutron irradiation
facility with a variety of core configuration.
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Fig. 4 a Cross section, b 3D cut-section view of proposed fast ADS assembly

There is an additional aim relevant from Indian perspective. India has proposed
three-stage nuclear program to utilize abundant thorium resource within the country.
Th–Pu MOX fuelled zero/low-power reactor driven in subcritical to critical mode
can provide a very effective test bed for such a three-stage program. Currently, the
available data on such a MOX fuel behavior is very preliminary.

3.1 Preliminary Design of Fast ADS

A preliminary design for fast ADS driven by D-T neutron source has been proposed.
It consists of Th–Pu MOX fuel in a hexagonal matrix. Lead is being used both as
diffuser of high-energyD-T neutron driving the assembly as well as neutron reflector.
It is also being used to simulate lead coolant. The composition of MOX fuel is 64%
ThO2 and 36% PuO2. The fuel pins have a diameter of 10 mm and length 500 mm.
Each fuel assembly (FA) consists of seven fuel pins (arranged in two layers 1–6) in
a lead matrix and has a pitch of 45 mm and length of 900 mm with two axial lead
reflectors at the top and bottom of each fuel assembly. A total of 286 FAs constitute
the core. The core is finally surrounded by radial lead reflector. Figure 4a, b shows
schematic cross section and 3D cut view of the assembly. Control rods and safety
rods have not yet been taken into account and their location and reactivity worth will
be considered during detailed designing. A central cavity of 140 mm is provided for
coupling to D-T neutron source.

3.1.1 Reflector-Controlled System

The system has been devised as a reflector-controlled system. In this system, the
core and reflector block are decoupled and reflector can be made movable. During
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start-up, the reflector block move to align with the core and reflector is coupled to
the core. In the event of any scram signal, the reflector will decouple from the core
and drop down to bottom position. This fail-safe mechanism is similar to reflector
control system employed earlier in PURNIMA-I [11]. The core of the system can be
varied for different configuration depending on fast system using either Th–PuMOX
fuel or some part of it containing MA. Similarly, keff of the system can be varied
depending on fuel composition.

Figure 5 shows schematic of reflector movement. The reactivity margin of the
reflector is approximately 130 mk. Figure 6 shows the variation of effective multi-
plication factor with reflector height.

Fig. 5 Reflector position with respect to core, a fully OUT, b partial IN, c fully IN

Fig. 6 Variation of
multiplication factor keff
with reflector height
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4 Conclusion

Following the successful implementation of thermal ADS BRAHMMA, we have
proposedTh–PuMOX fuel-based fast ADS and discussed some aspects of the system
based on a preliminary design. This system shall be used to study the physics of fast
systems for waste transmutation and physics of thorium–plutonium systems.
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Radiological Impact Assessment for Near
Surface Disposal of Thorium Waste

Faby Sunny and Manish Chopra

Abstract Thorium (232Th) itself is not fissile and so is not directly usable in a thermal
neutron reactor. However, it is fertile and upon absorbing a neutron will transmute
to uranium-233 (233U), which is a fissile fuel material. The thorium fuel fabrication
may lead to a low-level waste comprising of 232Th. This waste may be disposed of
in the Near Surface Disposal Facility (NSDF). The very low probability event of
leaching of the waste may lead to contamination of the groundwater system. This
paper deals with the estimation of the radiological impact of thorium waste disposal
in NSDF through groundwater drinking pathway using the Multiple Area Source
Model (MASOM).

Keywords Radiological impact · Decay chain · Dose · Groundwater · NSDF

Nomenclature

B is the width of the NSDF (m)
C is the concentration of radionuclides in pore water (Bq m−3)
Ci is the radionuclide concentration in the groundwater for instantaneous release

of unit radioactivity (Bq m−3)
C1 is the concentration of parent radionuclide in the groundwater (Bq m−3)
Cn is the concentration of the nth progeny in the groundwater (Bq m−3)
D is the annual effective dose through groundwater drinking pathway (Sv y−1)
DF ing is the ingestion dose coefficient of the radionuclide (Sv Bq−1)
Dw is the drinking water consumption rate (L day−1)
Dx is the dispersion coefficient in x-direction (m2 s−1)
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Dy is the dispersion coefficient in y-direction (m2 s−1)
H is the depth of the trench (m)
Ha is the thickness of the aquifer (m)
Kd is the distribution coefficient of the radionuclide for the aquifer material (m3

kg−1)
Kds is the distribution coefficient of the radionuclide for the waste material (m3

kg−1)
KL is the leach rate coefficient of the radionuclide from the NSDF (s−1)
L is the length of the NSDF (m)
λ is the radioactive decay constant of the radionuclide (s−1)
λ1 is the radioactive decay constant of the parent radionuclide (s−1)
λn is the radioactive decay constant for nth progeny (s−1)
M is the inventory of the radionuclide (Bq)
ν is the infiltration velocity (m s−1)
Q is the disposal rate of the radionuclide into the NSDF (Bq s−1)
ρ is the bulk density of the aquifer material (kg m−3)
ρs is the bulk density of the waste material (kg m−3)
Rd is the retardation factor in the aquifer
Rds is the retardation factor in the waste material
ψ(t) is the radioactivity release rate from the NSDF at any time t after disposal

(Bq s−1)
T is the period of dumping (s)
θ is the porosity of the aquifer material
θS is the porosity of the waste material in the trench
u is the groundwater velocity (m s−1)
x is the down-flow distance (m)
y is the cross-flow distance (m)

1 Introduction

India has abundant reserves of thorium compared to uranium [1]. Considering the
large thorium reserves in India, the future nuclear systems, in the third stage of Indian
nuclear power program, will be based on 232Th–233U fuel cycle. The advanced heavy
water reactor (AHWR) [2] is being designed in India to fulfill this need. The thorium
fuel fabricationmay lead to a low-level waste comprising of 232Th. Thiswastemay be
disposed of in the Near Surface Disposal Facility (NSDF). The very low probability
event of leaching of the waste may lead to contamination of the groundwater system.
This paper deals with the radiological impact assessment (RIA) of thorium waste
disposal in NSDF through groundwater drinking pathway using the Multiple Area
Source Model (MASOM) [3].
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2 Methodology

An analytical two-dimensional MASOM with decay chain transport is used for the
RIA of the hypothetical NSDF.

2.1 Source Term Model

Thorium and its progeny may slowly leach into the groundwater depending on the
leach rate coefficient. The resultant radioactivity release rate into the groundwater
can be expressed using the equation [4]

ψ(t) � QKL

KL + λ

[
1 − exp(−(KL + λ)t)

]
(1)

Leachingof radionuclides from theNSDFdepends on the structural integrity of the
concrete structures, distribution coefficient of radionuclides, and infiltration velocity.
The leach rate coefficient, (KL), can be estimated from the infiltration velocity as

KL � ν

D θS Rds
(2)

where

Rds � 1 +
ρs Kds

θs
(3)

2.2 Multiple Area Source Model (MASOM)

The major processes for dispersion and dilution of pollutants in the subsurface envi-
ronment are advection,molecular and turbulent diffusion (hydrodynamic dispersion),
interaction with solid phase, physical or radioactive decay, and chemical removal.
Since the present study is applied to near surface disposal of radioactive waste, the
environmental matrix of concern is saturated porous medium and the objective is to
compute the concentrations of radionuclides in pore water of the aquifer as a function
of space and time. The general mathematical model used in the study is given by
Nair and Krishnamoorthy [5]

∂C

∂t
� Dx

Rd

∂2C

∂x2
+

Dy

Rd

∂2C

∂y2
− u

Rd

∂C

∂x
− λC (4)

The retardation factor of the radionuclide in the aquifer is defined as
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Rd � 1 +
ρKd

θ
(5)

Equation (4) is solved by using the initial and boundary conditions as follows.
Initial conditions C �0 at t �0
Boundary conditions C �0 at x � ±∞; y �±∞ and

Ha

∞∫

−∞

∞∫

−∞
C(x, y, t)dxdy � M exp(−λt)

θ Rd
(6)

The solution of Eq. (4) for an instantaneous release of unit radioactivity is given
as

Ci (x, y, t) � 1

θ Rd
X (x, t) Y (y, t) Z (z, t) exp(−λt) (7)

The equations for X, Y, and Z are given by

X (x, t) � 1

2L

⎧
⎨

⎩
erf

⎡

⎣
x + L

2 − ut
Rd√

4 Dx t
Rd

⎤

⎦ − erf

⎡

⎣
x − L

2 − ut
Rd√

4 Dx t
Rd

⎤

⎦

⎫
⎬

⎭
(8)

Y (y, t) � 1

2B

⎧
⎨

⎩
erf

⎡

⎣ y + B
2√

4 Dy t
Rd

⎤

⎦ − erf

⎡

⎣ y − B
2√

4 Dy t
Rd

⎤

⎦

⎫
⎬

⎭
(9)

Z (z, t) � 1

Ha
(10)

The radionuclide concentration in the groundwater during dumping period can be
evaluated using the convolution integral [3]

C(x, y, T ) �
T∫

0

ψ(T − τ )Ci (x, y, τ )dτ (11)

The radionuclide concentration after termination of the dumping operation can
be evaluated using the following convolution integral [4].

C(x, y, t) �
T∫

0

ψ(T − τ )Ci (x, y, T + τ)dτ

+ ψ(T )

t∫

0

exp[−λe(t − τ )]Ci (x, y, τ )dτ (12)
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where λe �λ +KL and t is the post-dumping periodwhose origin is at the termination
of the dumping period, T . The first integral in Eq. (12) represents the concentration of
radionuclide in the groundwater during the post-dumping period due to the leaching
of activity taking place during the dumping period. The second integral represents
the additional contribution of radioactivity in the groundwater due to the leaching
taking place after the termination of dumping.

2.3 Ingrowths of Progeny

232Th has a long decay chain, terminating with stable 208Pb isotope. The ingrowths of
progeny in the NSDF as well as during transport in the groundwater are incorporated
using the modified Bateman equation [6]. The calculation is complicated by the fact
that the progeny will have chemical properties different from the parent radionuclide
and will be adsorbed to greater or lesser extent in the solid phase. The concentration
of the progeny in the liquid phase must, therefore, be corrected for its Kd.

The concentration of the nth progeny in the groundwater can be calculated as

Cn � λn

λ1
C1

[
n−1∏

m�1

λm

]
n∑

j�1

(
e−λ j.t

∏n
k �� j

(
λk − λ j

)

)

(13)

The concentration of the progeny is corrected for the difference in partitioning of
parent and progeny between solid and liquid phases by multiplying Cn by ratio of
the retardation factors of the parent and progeny [6, 7].

2.4 Radiological Model

The annual effective dose to members of the public due to consumption of ground-
water can be evaluated by the equation [8]

D � C Dw DFing (14)

3 Parameters

The aquifer characteristics, such as groundwater velocity, dispersivity, aquifer thick-
ness, porosity, and the other parameters used in the model are given in Tables 1 and
2 [9–11]. The infiltration velocity used in the estimation is the design infiltration rate
of a low-level waste disposal facility, which is 1×10−9 m s−1 [12]. A drinking water
consumption rate of 2.2 L day−1 is used for the dose estimation. As ingestion dose
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Table 1 Aquifer characteristics

Parameter Value

Groundwater velocity 5.79×10−6 m s−1 (0.5 m day−1)

Longitudinal dispersivity 1 m

Transverse dispersivity 0.1 m

Aquifer thickness 12.5 m

Porosity 0.29

Bulk density 1560 kg m−3

Depth of trench 3.0 m

Table 2 Other parameters used in the model

Radionuclide Kd (waste
material, m3

kg−1)

Kd (aquifer
material, m3

kg−1)

Half-life (y) DF ing (Sv Bq−1)

232Th 5.4×103 3×103 1.41×1010 2.3×10−7

228Ra 9×103 4.9×102 6.75 5.9×10−7

228Ac 2.4×103 4.5×102 7.02×10−4 4.3×10−10

228Th 5.4×103 3×103 1.913 7.2×10−8

224Ra 9×103 5×102 9.92×10−3 6.5×10−8

220Rn 0 0 1.76×10−6 –
212Po 2.7×103 1.5×102 4.59×10−9 –
212Pb 5.4×102 2.7×102 1.21×10−3 6.0×10−9

212Bi 4×102 1×102 1.15×10−4 2.6×10−10

208Tl 2.7×102 1.5×101 5.8×10−6 –

coefficients are not available for 220Rn, 212Po, and 208Tl due to very short half-lives,
their contributions to dose are not calculated.

Many countries over the globe use 10,000 y as the cutoff year for radiological
impact assessment as it is not reasonable to assume same environmental conditions
beyond this period as the major global changes like ice age occur during cycles of
10,000 y [13].

4 Results and Discussion

A hypothetical scenario of dumping of 1 Ci (3.7×1010 Bq) annual activity of 232Th
into a NSDF for a period of 50 years (i.e., a total of 50 Ci spread over 50 years) was
envisaged. Figure 1 depicts the concentrations of 232Th and its progeny in groundwa-
ter at extremely conservative distance of 100 m from the NSDF. The concentrations
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Fig. 1 Concentrations of 232Th and its progeny in groundwater at 100 m from NSDF

are negligible up to 4000 years. After this period, the highest concentration is shown
by 220Rn followed by 208Tl, 212Bi, 216Po, 212Pb, 228Ac and followed by 224Ra and
228Ra. The parent 232Th has the least concentration in groundwater. The high con-
centration of 220Rn is due to its zero Kd as it is soluble in water under confined
conditions. The concentration of 220Rn is about 38.4 Bq L−1 at 100 m distance after
10,000 y of disposal, whereas the concentration of 232Th is about 0.0024 Bq L−1.
The radionuclide concentrations are translated into annual effective dose to the pub-
lic through groundwater drinking pathway (Fig. 2). As the half-lives of 220Rn, 216Po,
and 208Tl are very short, their ingestion dose coefficients are not available at present
and hence are considered to be zero.

The highest dose is due to 228Ra (6.76×10−3 mSv y−1), followed by 224Ra (7.45×
10−4 mSv y−1) and then 232Th (4.4×10−4 mSv y−1). The total dose has a value of
8.23×10−3 mSv y−1 at 100 m which occurs after 10,000 years of disposal. In this
scenario, it can be seen that the parent radionuclide contributes only 5.34% to the
dose and the remaining 94.66% is contributed by the progeny; 228Ra and 224Ra being
the main contributors with higher dose coefficient values and comparatively lower
values of Kd as compared to the parent 232Th.
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Fig. 2 Dose through the drinking water pathway due to 232Th and its progeny at 100 m fromNSDF

5 Conclusions

In the present scenario, with disposal of 50 Ci (1.85×1012 Bq) activity of 232Th in
NSDF over a period of 50 years, the total dose to the members of the public through
groundwater drinking pathway after 10,000 y of disposal is 8.23×10−3 mSv y−1 at
100 m from the disposal facility. Also, it is concluded that the major contribution to
the total dose is of the progeny rather than the parent itself. It signifies the importance
of incorporation of in situ generation of progeny in model formulation and hence the
dose due to these.
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Thorium Based Fuel



(Th-U)O2 MOX Fuel Fabrication
and Dry Recycling of the Sintered Rejects

Sudhir Mishra, Kaushik Ghoshal, Joydipta Banerjee, Amrit Prakash,
K. B. Khan and Arun Kumar

Abstract Thorium is an important nuclear material. Due to its abundance in large
quantity in India, our preceptors have envisaged three-stage nuclear power program.
Thoria-based fuel is planned to be used in the third stage of nuclear power program.
(Th-LEU)O2 mixed oxide (MOX) is the proposed fuel for AHWR-LEU-300 with
UO2 content varying from 13 to 30 w%. Fabrication of ThO2-NU (natural uranium)
fuel of similar composition with UO2 varying from 13 to 30% has been carried out in
kg scale at Radiometallurgy Division. Conventional powder metallurgical processes
like mixing, cold compaction, and sintering were employed for fabrication of ThO2-
UO2 fuel pellets. Sintered density up to 93–94% TD could be achieved. XRD result
on sintered pellet showed single-phase formation. Fuel fabrication process is always
associated with generation of green/sintered rejects. Recycling of the sintered reject
is important to judiciously utilize the feed material and avoid the accumulation of
the waste. As thorium dioxide is a stable compound, recycling of process rejects of
thoria-based fuels either by dry or wet route is difficult unlike UO2-based fuels. The
stable oxidation state of thorium oxide limits oxidative-reductive processing of sinter
rejects. Dissolution of thoria fuels in nitric acid is also difficult. The presence of UO2

(13–30 w%) in the ThO2-UO2 fuel pellets makes it amenable to oxidative-reductive
processing by modifying the fabrication parameters. A process for recycling of the
sintered reject has been successfully worked out. This paper discusses the fabrication
aspects of Th-NU MOX fuel and dry recycling of process rejects.

Keywords Fuel fabrication · Powder metallurgy · Recycling
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1 Introduction

Nuclear energy has a significant role to play in the contribution of the ever-growing
power requirement of our country. India is pursuing the three-stage nuclear power
program based on its scantily available uranium and abundantly present thorium
[1–5]. The first stage of the program has been realized by operating pressurized
heavy-water reactors (PHWRs). As a logical extension to this program, BARC is
working on development of a thorium fuel cycle-based advanced heavy-water reactor
(AHWR) [6]. A 300 MWe advanced heavy-water reactor having several advanced
safety features is planned to be constructed as a technology demonstrator for large-
scale utilization of thorium. The absence of fissile material constituent in natural
thorium requires that fertile thorium has to be converted to fissile 233U for its use.
Thorium can be used along with either enriched uranium or plutonium for producing
energy in a nuclear reactor. Fuel cycle strategies have been worked out for AHWR
with both Pu and LEU as external fissile feed.

The fabrication of thoria-based fuel pellets by powder-pellet route involves con-
ditioning of the powder to obtain the desired characteristics, mixing of the two
different powder materials for obtaining the desired MOX fuel composition, pre-
compaction and granulation to improve the flowability of powder, final compaction,
and sintering at high temperatures to get high-density fuel pellets. The morphology
of thorium oxide powder which is obtained by calcination of thorium oxalate is dif-
ferent from that of the natural uranium oxide powder. The calcined thoria powder has
a “platelet” morphology (shown in Fig. 1a), whereas, the UO2 powder, derived from
ADU route has more “spherical” morphology (Fig. 1c). This requires premilling
of the as-received thorium oxide powder in a planetary ball mill/attritor to improve
its compactibility and sinterability. The morphology of ThO2 powder obtained after
milling is shown in Fig. 1b.

(a) As received ThO2 powder (b) ThO2 powder after milling
 in attritor for 3hrs

(c) As received UO2 powder

Fig. 1 Comparison of the morphologies of the powders
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Table 1 Green density of (Th-U) MOX pellets at different compaction pressures

Composition Compaction pressure (MPa) Green density (%T.D)

ThO2-15%UO2 450 65.21

ThO2-20%UO2 300
375
450

61.06
63.63
65.55

ThO2-22.5%UO2 300
375
450

63.2
63.25
65.16

ThO2-30%UO2 375 66.43

Table 2 (Th-U) MOX pellet density sintered in different atmospheres

Composition Sintering atmosphere Pellet density (%T.D)

ThO2-15%UO2 Ar+8%H2 92.06

High purity N2 92.23

ThO2-20%UO2 Ar+8%H2 93.82

ThO2-22.5%UO2 Ar+8%H2 92.28

ThO2-30%UO2 Ar+8%H2 92.52

High purity N2 94.83

2 Fabrication

Final compaction was carried out in a double acting hydraulic press for a range of
pressures. Die wall lubrication of 1% stearic acid in acetone was employed during
compaction. Table 1 shows the relationship between compaction pressure and green
density.

2.1 Sintering of Green Pellets

Thoria has a highermelting point (3300 °C) in comparison to that ofUrania (2800 °C).
It is also perfectly stoichiometric and has a single oxidative state unlike that ofUrania.
The sintering characteristics therefore differ from that of the conventional UO2 fuel.
Experimental trials were carried out to study the effect of sintering atmosphere, viz.
reducing (Ar+8%H2) and inert (high purity N2) at about 1700 °C. The sintered pellet
density obtained for different sintering atmospheres is shown in Table 2.

The green pellets were loaded in alumina trays and sintered in the temperature
range of 1680–1700 °C for 4–6 h with heating rate of 3 °C/min. Intermediate soaks
were given at 150, 300, and 600 °C for moisture and binder/lubricant removal (zinc
behenate), respectively. The effect of sintering atmosphere on the pellet density is
shown in Table 2.
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Table 3 O/M ratio of the
pellets sintered in different
atmosphere

Composition Ar+H2 High purity N2

ThO2-15%UO2 2.006 2.000

ThO2-20%UO2 2.027

ThO2-22.5%UO2 2.011

Fig. 2 XRD patterns of green and sintered ThO2-UO2 pellets

3 Characterization

The (Th-U) MOX pellets sintered in different atmospheres were characterized in
terms of their density, oxygen-to-metal ratio (O/M), and phase contents. The O/M
ratio was measured thermogravimetrically, and solid solution formation was esti-
mated using X-ray diffractometry and metallography. Alpha autoradiography was
carried out to see distribution. Table 3 gives the typical values of O/M ratio obtained
for different atmospheres.

The X-ray diffraction patterns of the green and sintered pellets, using CuKα

radiation and graphite monochromator, are shown in Fig. 2. It indicates the formation
of complete sold solution between ThO2 and UO2.

For metallography, the sintered pellet was mounted in bakelite and ground using
successive grades of emery paper. The final polishing was done using diamond paste,
and the sample was etched thermally at 1600 °C in Ar+8% H2 for 6 h. Figures 3 and
4 show the as-polished and etched microstructure of the pellets, respectively.

Alpha autoradiography technique has been employed to see the homogeneous
distribution of uranium and thorium in mixed sintered (Th,U)O2 pellets. Figure 5
shows the uniform distribution of U in the fuel matrix.
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Fig. 3 As-polished
microstructure of
ThO2-22.5%UO2 showing
uniform distribution of
porosity

Fig. 4 Microstructure of
ThO2-18%UO2 after thermal
etching

Fig. 5 Alpha
autoradiograph of
ThO2-22.5%UO2 pellet
showing uniform distribution
of U in the matrix
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Table 4 Sintered pellet density measurements

Composition Mass (g) Diameter
(mm)

Height (mm) Density,
g/cc/%T.D

Remarks

ThO2+30%
UO2 (with
10 wt% reject)

(1) 8.42
(2) 8.36
(3) 8.61

10.42
10.40
10.39

10.39
10.33
10.64

9.51/92.40
9.53/92.63
9.55/92.80

Crack-free
pellets

ThO2+30%
UO2 (with
15 wt% reject)

(1) 8.62
(2) 8.58
(3) 8.52

10.40
10.40
10.41

10.64
10.59
10.61

9.54/92.71
9.54/92.71
9.44/91.73

Crack-free
pellets

ThO2+30%
UO2 (with
20 wt% reject)

8.39 10.42 10.37 9.47/92.07 Pellets
observed to
have cracks

4 Dry Recycling Process From Sinter Rejects of (Th,U)O2
Fuel Pellets

4.1 Recycling of Sinter Rejects Mixed with Freshly Prepared
ThO2-UO2 Powder

Pellets were fabricated from sintered reject ThO2-UO2 (crushed and attritor milled)
mixed with freshly prepared ThO2-UO2 powder. The fraction of sinter rejects in the
powder mixture varied from 10 to 20 w%. Pellets of acceptable quality could be
obtained by limiting the powder from rejected pellets to ≤15 wt% (Table 4).

4.2 Oxidative–Reductive Processing of Sinter Rejects

The sinter rejects (1 kg batch size) were crushed in a jaw crusher (<0.5 mm size) and
subjected to calcination at 600 °C for 4 h in air. The calcined powder was further
milled in an attritor to reduce the particle size (Sp.SA 4.5 m2/g). Varying amounts
of Nb2O5 powder were added as sintering aid to the milled powder. Sintering of
the green pellets was done at 1700 °C for 6 h in reducing atmosphere (Ar+8% H2).
Sintered densities achieved from the pellets prepared by the above process are shown
in Table 5.

4.3 Characterization

O/M (oxygen-to-metal ratio) of the sintered pellets was observed to be between
2.002 and 2.005. The effect of Nb2O5 on densification process was studied using a
high-temperature dilatometer. The sample pellets having dimensions 7 mm diameter
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Table 5 Sintered pellet densitymeasurements prepared by oxidative–reductive processing of sinter
rejects

Composition Mass (g) Dia. (mm) Height (mm) Density,
g/cc/%T.D

ThO2+13 w%
UO2 (with
0.5 w% Nb2O5)

(1) 10.37
(2) 10.24
(3) 10.33

10.60
10.60
10.59

12.16
12.09
12.10

9.66/95.45
9.60/94.86
9.70/95.84

ThO2+30 w%
UO2 (with
0.5 w% Nb2O5)

(1) 11.30
(2) 11.20
(3) 11.19

10.68
10.68
10.69

13.24
13.10
13.16

9.53/92.61
9.54/92.79
9.47/92.11

Fig. 6 Shrinkage versus
temperature plot of
ThO2-30%UO2 pellets with
varying amount of dopant
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and 8 mm height were heated at a predetermined heating rate, and the change in
length was monitored. Figure 6 shows the shrinkage behavior (in the axial direction)
of the pellets in high purity argon atmosphere. The percentage shrinkage (�L/L0 ×
100) values are plotted against temperature at heating rate of 3 °C per minute. It is
observed that shrinkage progressively increases as the amount of dopant varied from
0.05 to 0.25 w%.

5 Conclusions

• Ex-oxalate-derived ThO2 powder has platelet morphology resulting in poor inter-
locking during compaction. Hence, premilling of the as-received powder is
required to break the platelet structure and improve compactibility.

• ThO2 and ThO2-based fuels have poor sinterability. ThO2, being a perfectly sto-
ichiometric compound with very high melting point, cannot be sintered to very
high density (>96%T.D.) even at reasonably high temperature (1700 °C). Addi-
tives and sintering atmosphere (reductive and oxidative) have considerable effect
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in the sintering behavior of ThO2 and ThO2-based fuels and help in bringing down
the sintering temperature for obtaining high-density fuel pellets.

• Pellets of acceptable quality could be obtainedby limiting the powder from rejected
pellets to ≤15 wt% by recycling of sinter rejects mixed with freshly prepared
ThO2-UO2 powder.

• 100% recycling could be achieved by Oxidative–reductive processing of sintered
rejects.
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Fluorination of Thorium Oxide
by Ammonium Bifluoride and Its
Reduction to Metal

Abhishek Mukherjee and Alok Awasthi

Abstract The fluorination of thoria (ThO2) with ammonium bifluoride NH4HF2
to obtain oxygen-free thorium fluoride is reported. It is interesting to note that the
fluorination starts right from room temperature to form ammonium thorium fluoride
intermediate. On heating, the intermediate decomposes to formpure ThF4. It was also
seen that any unreacted ThO2 reacts with the ThF4 to form ThOF2. The oxygen-free
ThF4 producedwas then reduced by calcium to formmetallic thorium. The advantage
in the process is that it can make thorium in bulk form which greatly reduces the
issue of handling powders. However, as the process involves the melting of thorium,
selection of suitable crucible becomes a key to its success. Yttria crucible appears to
be a good choice.

Keywords Thorium · Yttria crucible · Fluorination · Ammonium thorium fluoride

1 Introduction

Thorium is a source of fuel for nuclear power. Though thorium is fertile, it can
be made fissionable via neutron absorption. Th232 converts to U233 in the process.
The major advantage of the thorium-232—uranium-233 cycle over the presently
used uranium-238—plutonium-239 cycle is the high net neutron yield of uranium-
233. This translates to a smaller fuel and fissile inventory for a given power output.
In practice, a thermal reactor, as is proposed in the Indian Advanced Heavy Water
Reactor (AHWR) designs, is based entirely on the thorium-232—uranium-233 cycle
[1]. Thoriummetal, its alloys, the oxide, and the various mixtures containing thorium
have all been suggested as usable forms for the fertile material. While ThO2 is
currently used as a fuel component [1] and as a blanket in fast breeder reactor [2],
the use of thorium metal in a nuclear reactor would offer advantages in ease of
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fabrication, high density, and good thermal conductivity. Additionally, metallic fuel
provides high burnup capability, lower doubling time, and inherently passive safety
characteristics [3].

Preparation of thorium metal in bulk quantities in an economical way is thus
assuming importance, although themetal has been produced in laboratory scale since
early twentieth century. Themetal has been produced by a variety of routes. Themost
widely used route has been calciothermic reduction of thoriumoxide [4]. Thismethod
leads to the production of thorium powders, which if not handled carefully can often
lead to oxygen contamination in the final metal [4]. Oxygen containing thorium is
brittle and difficult to shape by mechanical means [5]. The brittle thorium needs to
be made ductile by electron beammelting purification/iodide refining, both of which
are expensive. In addition, electron beam melting results in substantial metal loss
due to the formation of vapor suboxide(s). Also, besides being radioactive, thorium
powder is pyrophoric in nature and needs special precautions during handling [6].

Calcium reduction of thorium fluoride using ZnCl2 as a heat booster and CaCl2 as
a slag fluidizer (popularly known as “Ames” process) has been used for the produc-
tion of thorium ingot. The process leads to the formation of Th-Zn alloy (with around
8wt% zinc), which requires extensive dezincification using vacuum treatment to pro-
duce a metal ingot with acceptable purity [4]. Thoriummetal of reasonable quality in
kilogram levels has also been produced bymagnesium reduction of thorium chloride.
However, several stages of purification steps are required in the above process [7, 8].
Fluoride being lesser hygroscopic and lesser volatile is generally preferred over the
chloride.

In this paper, we report an alternative possibility of producing bulk thorium metal
in a single step by direct calciothermic reduction of its fluoride, without the addi-
tion of ZnCl2. As the dezincification step would not be required in such a case, it
is expected that the process would be cost effective. With good electronic control
systems being available now for control even at temperatures exceeding the melting
point of thorium, the process should not be difficult to carry out. A similarmethod has
been demonstrated by the authors for the reduction yttrium fluoride by calcium [9].
Thorium fluoride being lesser stable than yttrium fluoride [10], the process should
be thermodynamically feasible. As liquid thorium is very reactive, a proper choice
of crucible material becomes important. In this paper, we describe our experiences
on the interaction of liquid thorium with the crucible materials as well.

Thorium occurs in nature as monazite mineral, which is a complex phosphate of
rare earth, REPO4 containing around 4–12% of ThO2 and rare earth (RE) containing
Ce, La, etc. [11]. After processing, the purest compound of thorium is usually thorium
nitrate or oxalate, from which ThO2 is obtained. This ThO2 is the usual source of Th
in the preparation of metal. Thorium fluoride can be prepared from ThO2 using many
fluorinating agents. Ammoniumhydrogen fluoride (NH4HF2)was used in the present
work. The advantages of using NH4HF2 as the fluorinating agent are discussed in our
earlier work [12]. The aimwas to produce pure ThF4 without any formation of ThOF2
phase. If the oxyfluoride phase is present in the starting material, its oxygen would
reach the metal, belittling the advantages of using a fluoride route. The fluorination
step is also studied in detail in the present work.
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2 Experimental

2.1 Materials

The starting material ThO2 (99% pure) was procured from Indian Rare Earths Ltd.
ThO2 powders was then mixed with commercial ammonium bifluoride solid (97%
purity) in 20 and 100% excess over the stoichiometric requirements according to
reaction (1).

ThO2 + 4NH4HF2 � ThF4 + 4NH4F + 2H2O (1)

2.2 DTA Studies

Themixture was heated in a homemade differential thermal analyzer (DTA) to assess
the temperature required for ThF4 formation. The DTAwas carried out in static air at
10 °C/min with alumina as the reference, and the end products were characterized.
Cups made from vitreous silica were used.

2.3 Product Characterization

The X-ray diffraction of the freshly prepared samples was done at various times.
XRD used was an Inel-make unit (model MPD) with Cu-Kα1 radiation at 30 mA
40 kV using a curved position-sensitive detector.

2.4 Reduction

Two types of crucibles were used for the reduction runs: (a) molybdenum crucible
sourced from local vendors and (b) specially made yttria crucibles (25 mm dia and
85 mm length) of density of more than 90%. ThF4 and 20% excess (over stoichiom-
etry) calcium were loaded in these crucibles for preparation of thorium metal. The
mixing of the reactants was done under argon atmosphere to prevent the oxidation of
calcium. The crucible containing the charge was also loaded inside the furnace under
argon cover. High pure argon (99.995%) was used in the present work. Charge was
heated up to 1800 °C in an induction furnace [9] beyond the melting point of thorium
(m.p 1750 °C) for slag/metal separation. The temperature was monitored through
an optical pyrometer, through which it was also possible to observe the changes
occurring in the charge. The end product was analyzed by XRF.
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3 Results and Discussion

3.1 Fluorination of Thorium Oxide

The fluorination of oxides through NH4HF2 is known to occur through intermediate
ammono-metallofluorides [12–14], and it begins right from the room temperature.
According to authors’ experience, the best way to prevent the formation of oxyflu-
orides or the retention of unreacted oxide in the product is to ensure the complete
conversion of the starting oxide to an ammono-metallofluoride at room tempera-
ture itself, since on heating substantial amount of NH4HF2 evaporates even without
reacting with the oxide.

The XRD of ThO2 and NH4HF2 mixture with NH4HF2 being in 20% excess
according to reaction (1), recorded immediately after mixing, is shown in Fig. 1b.
This shows additional peaks besides the peaks of ThO2. The additional peaks match
with (NH4)3ThF7 [JCPDS no: 711954] with slight peak shift. The mixture converts
to (NH4)4ThF8 [JCPDS no: 711190] and some unknown phase after 28 h (Fig. 1c).
This is similar to the observations by Silva [13], although JCPDS data have slight
variations in XRD peak locations. Besides, the time required for the formation of
these phases is substantially more in Silva’s [13] case, apparently as they used closed
(although not-leak-tight) containers against the use of open container by us. There
could be a few intermediate gas–solid reactions and, if so, the time required for
completion of reaction would depend on the removal of the product gases from the
reaction zone. However, Silva could observe complete conversion to (NH4)4ThF8
phase after 28 days with 10% excess NH4HF2. Peaks of the unknown phase (Fig. 1c)
match with some of those of the unknown phases of Silva [13].

Figure 2 shows the DTA of the freshly mixed charge with 20% excess NH4HF2
which indicates many peaks up to 500 °C. The product after this heating was ThOF2
(Fig. 1d). It may be noted that NH4F formed as a product in reaction (1) is in many
cases known to further react with unreacted oxides, for example, possibly

ThO2 + 8NH4F � (NH4)4ThF8 + 2H2O + 4NH3 (2)

As the product of heating was oxyfluoride and many events are indicated by
DTA, it is clear that the fluorination of ThO2 using NH4HF2 is more complex
than that for Y2O3 [12]. It occurs through many intermediate steps and requires
further detailed studies. The unknown phase is likely to have oxygen present as
ammono-thorium oxyfluoride (NH4F.ThxOyFz) or as hydrated ammono-thorium flu-
oride (NH4F.xThF4.yH2O). ThO2 had to be mixed with 100% excess NH4HF2 and
heated to 500 °C for obtaining ThF4 (Fig. 1e).

Therefore, it is clear that to obtain oxygen-free ThF4 from ThO2 using NH4HF2,
substantially excess amount of NH4HF2 has to be used, although this may require
further optimization.
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Fig. 1 XRD of a pure thoria (ThO2), b mixture of thoria (ThO2) with 20% excess ammonium
bifluoride immediately after mixing, c the same mixture after 28 h holding at room temperature,
d the mixture (with 20% excess NH4HF2) heated to 500 °C immediately after mixing, e product
of freshly prepared mixture of thoria (ThO2) with 100% excess ammonium bifluoride heated up to
500 °C immediately after mixing

3.2 Preparation of Thorium Metal

A controlled atmosphere induction heated reduction reactor, as described in [9],
was used for the preparation of thorium metal. The chamber was initially tested for
integrity by heating at 1900 °C for 2 h. ThF4 was mixed with calcium and heated up
to 1850 °C. Based on our experience with yttrium preparation [9], the reduction of
ThF4 was first carried out in molybdenum crucible. For taking out the thoriummetal,
the top part of molybdenum crucible was broken. A pinkish slag layer has formed on
top of a 2-mm-thick thorium metal. The metal found to be conducting was showing
thoriumpeaks by gamma spectroscopy. Itwas found sticking tomolybdenum (Fig. 3),
a behavior shown by yttrium reported earlier [9].

Yttria is apparently the only oxide which is more stable than ThO2 and has higher
melting point than thorium, and therefore, it looks attractive as the crucible material
as it might result in pure thorium metal (instead of Th-Mo alloy). However, it is not
known whether the two oxides dissolve in each other or form some binary oxides.
Besides, in the case of reduction of fluoride, it is not known how the fluorides CaF2
and ThF4 would interact with yttria. In yttria crucible, the solidified thorium metal
formed was button-shaped (sphere-like) (Fig. 3b) which indicated to the non-wetting
characteristic of liquid thorium with yttria. No problems due to interactions with the
fluorides were observed. The metal/slag was analyzed with XRF (Fig. 4). The metal



230 A. Mukherjee and A. Awasthi

100 200 300 400 500

-1.5

-1.0

-0.5

0.0

0.5

Exo

Endo

peak 7

peak 5

peak 6

peak 4
peak 3

peak 2

D
TA

 (a
rb

 u
ni

t)

Temperature (°C)

peak 1

Fig. 2 DTA of freshly prepared charge of ThO2 and 20% excess NH4HF2 with some apparent
peaks/heat change events marked

Fig. 3 Thoriummetal prepared in aMolybdenum crucible and b specially fabricated yttria crucible

was found to be pure thorium. Peaks of Th Lα and Th Lβ could be seen in the spectra.
The yttrium peaks come from the yttria crucible. The actinium peaks were apparently
from the radioactive decay of thorium. The slag contained yttria (from crucible) and
CaF2.
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Fig. 4 XRF spectra of
thorium metal prepared in
yttria crucible

4 Conclusions

Fluorination of thoria with ammonium bifluoride begins right at room temperature.
The final room temperature phase is (NH4)4ThF8. However, DTA and XRD results
point out to the existence of few unknown intermediate phases. Apparently, due
to these phases, more NH4HF2 than stoichiometry is required to ensure complete
conversion of ThO2 to ammono-thorium fluoride and finally resulting in oxygen-
free ThF4. The mixture of ThO2 with 100% excess NH4HF2 when heated to around
500 °C completely converts to ThF4.

Bulk metallic thorium was obtained in a single step by reducing pure ThF4 with
calcium and heating the charge beyond the melting point of thorium. Contamination
from crucible could be avoided by using densified yttria crucible.
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Estimation of Plutonium Heterogeneity
in Thoria–Plutonia Fuels

K. V. Vrinda Devi, J. N. Dubey, P. S. Somayajulu, I. H. Shaikh, Jyoti Gupta,
S. D. Raut and K. B. Khan

Abstract Plutonium bearing mixed oxide (MOX) fuels requires to be character-
ized for plutonium homogeneity as it is a crucial characteristic for fuel performance.
Conventional chemical analytical methods for characterization of homogeneity are
difficult to be carried out on MOX fuels with thoria matrix due to poor solubility.
Radiation imaging is an effective technique to monitor the distribution of plutonium
in thoria matrix. Alpha autoradiography is an imaging technique which involves reg-
istration of alpha tracks using alpha-sensitive films known as solid-state nuclear track
detectors (SSNTD).Manual evaluation of microscopic images from alpha autoradio-
graphs is difficult to carry out where highly radioactive materials such as plutonium
are involved due to large number of registered tracks. A method based on image
analysis of alpha autoradiographs was explored. The method was applied on alpha
autoradiographs of fuel sampleswith the samecompositionbut havingdifferent levels
of Pu homogeneity. Samples fabricated through two different routes, viz. the con-
ventional powder–pellet (POP) route and coated agglomerate particle (CAP) route,
were studied using this method. Studies on feasibility of this method for quantitative
estimation of plutonium heterogeneity in MOX fuels are discussed in this paper.

Keywords MOX fuel · Thoria · Plutonium · Heterogeneity
Alpha autoradiography

1 Introduction

AdvancedHeavyWater Reactor (AHWR) is proposed in view of utilization of India’s
vast thorium resources. The (Th, Pu)O2 mixed oxide (MOX) being the initial fuel
for AHWR, few fuel pins of (Th0.99, Pu0.01)O2 were fabricated at Advanced Fuel
Fabrication Facility (AFFF), BARC, Tarapur, for preliminary experimental irradi-
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Fig. 1 Flow chart of CAP route of MOX fuel fabrication

ation. Different fuel fabrication techniques are being developed for thorium fuel
fabrication, and standardization of these processes require conformance of the end
product with the stringent specifications. Coated agglomerate particle (CAP) route
is a newly developed route of fuel fabrication and highly relevant while involving
highly radioactive nuclides.

The fuel for experimental irradiation in AHWR conditions was fabricated through
twodifferent routes, viz. conventional powder–pellet route (POP) and coated agglom-
erate particle (CAP) route. A comparative study of plutonium distribution in the fuel
pellets fabricated through both these routes was carried out using alpha autoradiog-
raphy combined with image analysis, and the details are described in this paper.

Powder metallurgical route is involved in powder mixing, milling, granulation,
cold compaction and sintering [1]. The sintered pellets after inspection were encap-
sulated in Zircaloy-2 clad tubes filled with helium and welded with end plugs. This
route has been referred as POP route in this paper.

CAP route of fabrication involved the following steps [2]. Thoria powder was
mixed with appropriate amount of suitable binders (sodium stearate, polyethylene
glycol, etc.) and extruded to get Thoria extrudes. These extrudes were converted into
agglomerates/spheroids (equivalent to granules in POP route) using a spherodiser.
The agglomerates were then coated with plutonium dioxide powder to achieve the
required composition. These coated agglomerates were subjected to compaction,
pellet sintering and pellet encapsulation. The flow chart of fabrication through this
route is shown in Fig. 1.
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Alpha autoradiography is a radiation imaging technique used to record distribution
of a radionuclide with higher specific activity or higher energy of emitted radiation
with respect to thematrix [3–5]. The technique involves exposure ofα-sensitive solid-
state nuclear track detectors (SSNTD) to the sample and evaluating the α-image with
the help of a microscope after enhancing it by chemical etching. Since the specific
activity of plutonium (0.06 Ci/g) is significantly higher than that of thorium (1.1 ×
10−7 Ci/g), α-image of the MOX sample on the detector could be attributed to alpha
particles emitted by plutonium and hence could be used to monitor Pu distribution
in the fuel.

2 Materials and Methods

Alpha autoradiography of (Th0.99, Pu0.01)O2 pellets fabricated through conventional
(POP) and CAP routes was carried out in Radiometallurgy division, BARC, for
homogeneity studies. Pellet samples of CAP route whichwere identified to be having
lower levels of Pu homogeneity compared to those from POP route were taken up
for this study. One POP sample containing a Pu-rich agglomerate was also selected
for comparative analysis.

The samples were prepared by cutting, grinding and polishing to achieve good
surface contact with the α-sensitive film. Aluminium mylar of thickness 11 µm
was placed on top of the detector to ensure minimum contribution from sub-surface
alphas by elimination of non-perpendicular incidences. The sample was placed on
the film for a pre-decided time period (30 s in this case) for exposure. The film
was immediately bagged out and decontaminated to avoid any background irradia-
tion. The decontaminated film was chemically etched to enhance the radiation effect
caused on it and then viewed using a microscope (LEICA-DM ILM) with digital
camera. Multiple frames from images of both the samples were grabbed for further
analysis. The images were analysed using an image analysis software (metal power
image analyser version 3.0.0.9 by Metal Power India (Pvt.) Ltd.) for estimating the
alpha track density. Image analysis of alpha autoradiographs of Thoria-based fuels
for compositional analysis has been previously reported [6, 7].

Cellulose nitrate and poly(allyl diglycol carbonate) (PADC) are two alpha-
sensitive polymers which are used as solid-state nuclear track detectors (SSNTD)
for alpha imaging. CR39 detector which is a commercially available form of PADC
polymer was used in this study. Alpha exposure causes structural changes in the
polymer by scission or cross-linking of the chemical bonds present in the molecular
structure of the polymer. These changes make it prone to chemical reactions with
alkalis such as NaOH or KOH which are used for etching of the film. When the film
is treated with NaOH/KOH, the irradiated portion preferentially reacts with the alkali
compared to the substrate and (some products of the reaction) partially gets removed
from the substrate. This causes creation of craters on the irradiated portion of the
film after etching and washing. These craters could be observed when viewed with
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a microscope as dark spots which are termed as alpha tracks. CR39 with 600 µm
thickness was used in this study, and etching was carried out with 6N KOH solution
at 72 °C for 90 min.

3 Results and Discussion

The images of (Th0.99, Pu0.01)O2 pellets fromCAP route of fabrication revealed alter-
nate regions with higher as well as lower densities of alpha tracks indicating Pu-rich
and depleted zones, respectively. The microstructure of these samples also indicated
a similar trend [8]. In this referred work, Somayajulu et al. discussed that a uniform
microstructurewas observed in POPpellet due to homogeneity in the powdermixture
caused by mixing and milling operations. In the case of CAP pellets, which revealed
a duplex microstructure of large as well as small grains since the constituents were
not in the form of homogenized powders, the coated regions of PuO2 on reduction
to Pu2O3 generated higher defect concentration and diffused into the adjacent thoria
lattice. The variation in concentration of Pu over the diffusion length is responsible
for varied grain growth resulting in duplex microstructure in the pellet. Therefore, it
can be concluded that the larger grains present in the microstructure indicate regions
of higher defect (plutonium) concentrations leading to Pu heterogeneity.

Multiple frames each from rarer and denser regions of alpha tracks were acquired
and analysed. Images of those regions which showed the lowest (in rarer region) and
highest track densities (in denser region) are shown in Fig. 2a, b, respectively. Though
alpha autoradiographs of POP pellets showed uniform track density (Fig. 3a), it was
observed that the Pu-rich agglomerate in the POP sample was revealed as shown
in Fig. 3b. The results were obtained by studying multiple frames of each of the
autoradiographs for statistical consistency.

Fig. 2 Image frames from alpha autoradiographic images of (Th0.99, Pu0.01)O2 pellets fabricated
through CAP, a region of less dense alpha tracks, b region of more dense alpha tracks
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Fig. 3 a Alpha autoradiographic images of (Th0.99, Pu0.01)O2 pellets fabricated through POP, b
region showing Pu rich agglomerate

Table 1 Results of alpha autoradiography image analysis

PuO2 % Type Average track density (x̄) (mm2)

1 CAP dense 2259

1 CAP less dense 214

1 POP 1176

Estimation of correct track densitywas difficult in those frameswhere overlapping
of alpha tracks was occurring. The clustered tracks had to be virtually segregated
using image analysis features before counting the tracks. The average aspect ratio
of individual tracks was estimated using the images with non-overlapped tracks.
Number of superimposed tracks could be estimated with reasonable accuracy by
estimating the aspect ratio of each individual feature (track) in the image. If a par-
ticular track had aspect ratio which is double that of the average aspect ratio of an
individual track, it could be considered as superimposition of two tracks and so on.
Every individual feature (superimposed or non-overlapped tracks) of the images was
analysed by this method to virtually segregate the tracks before calculating the track
density corresponding to each image. This method was applied for the first time to
estimate the track density of alpha images registered byMOX fuel samples. Average
value of all the frames corresponding to the same sample (homogeneous region or
agglomerate region) was considered corresponding to that sample in case of POP
pellet. The minimum and maximum values among the frames of the rarer and denser
track density regions, respectively, were considered in case of CAP pellet sample.
The results of image analysis are shown in Table 1.
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4 Conclusion

Alpha autoradiography technique combined with image analysis was found to be
effective for homogeneity studies of Thoria–Plutonia MOX pellets with 1% PuO2

content which was fabricated for experimental irradiation in AHWR conditions.
Pellets fabricated through powder–pellet (POP) route and coated agglomerate route
(CAP) with different levels of plutonium homogeneity were compared, and it was
found that alpha autoradiographic images of CAP pellets indicated alternate regions
which were richer and depleted in Plutonium, respectively. The average track density
registered by the homogenous POP pellet was 1176, and the statistical variation of
only±3% was observed among multiple frames of the image. The variation in alpha
track density among different frames of image registered by CAP pellet was found to
be from 214 to 2259 owing to heterogeneous distribution of plutonium. The average
track density in different frames of the image of aCAPpelletwas up to 81% less (rarer
region) and 92%more (denser region) than the average track density of a homogenous
POP pellet. Compared to chemical techniques, this method of characterization offers
various advantages such as faster sample preparation due to elimination of sample
dissolution, safety due to elimination of any high-level radioactive liquid waste and
provides information on homogeneity on microscopic scale.

Acknowledgements The authors are grateful to all their colleagues at AFFF, BARC, Tarapur, for
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Evaluation of Thermal Properties
of Thoria–Urania Fuel

Joydipta Banerjee, Santu Kaity, Koushik Bhandari, Arun Kumar
and Srikumar Banerjee

Abstract Thoria–urania (ThO2–UO2)-based fuel system is the proposed fuel for
the Advanced Heavy Water Reactor (AHWR) in India. As a part of thoria-based
fuel development for India’s nuclear power programme, thoria–urania (ThO2–UO2)
solid solutions were prepared by Coated Agglomerate Pelletization (CAP) process
which has many advantages over conventional powder pellet route for handling
233U powders. Five compositions, namely ThO2, ThO2–4%UO2, ThO2–10%UO2,
ThO2–20%UO2 and UO2 (all compositions are in wt%) were prepared and used in
this study. Characterization of thoria–urania fuel was carried out in terms of both
thermal expansion and hardness at elevated temperature (hot hardness). The data
obtained on thermal expansion were compared with those available in the literature
data and presented in the temperature range of 300–1800 K. It was found to be in
good agreement with the reported data of other authors. The data on hot hardness of
thoria–urania fuel are sparse and are presented here as a function of temperature from
300 to 1573 K. The experimental data on both thermal expansion and hot hardness
for all the compositions were least squares fitted and analytical expressions obtained
are presented as recommended data. The trend obtained for the above data in terms
of both as a function of temperature and composition are critically evaluated and
discussed.
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Keywords Thoria–urania · Fuel · Solid solutions · Thermal expansion
Hot hardness

1 Introduction

The long-term sustainability of indigenous nuclear power programme in India
depends to a great extent on 232Th–233U ‘closed’ fuel cycle due to its vast thorium
resources, which can be utilized for breeding of 233U in thermal breeder reactors
[1–5]. Beside this, thorium cycle also tends to reduce the proliferation of spent
fuel and plutonium production; it reduces the long-lived minor actinides production
compared with the uranium and plutonium cycle which is certainly an ecological
advantage. The three-stage Indian nuclear power programme [6] was conceptualized
accordingly to utilize its thorium reserves. A schematic diagram of three-stage Indian
nuclear power programme is given in Fig. 1. To use thorium fuel in a reactor, it must
be mixed with a fissile material such as enriched uranium or plutonium until it pro-
duces enough 233U to sustain itself. Thoria (ThO2) has a number of advantages over
urania (UO2), like higher melting point, better thermal transport and radiation sta-
bility ensuring better in-pile performance, more resistance to chemical interactions,
low vapour pressure. Because of its very low solubility, the direct disposal of spent
fuel in deep geological repository is also considered these days. Advanced Heavy
Water Reactor (AHWR) is being developed for the related technology demonstra-
tion based on thorium. (Th,233U)O2 along with (Th,Pu)O2 in the proposed fuel for
the forthcoming Indian AHWR [7]. The fuel is designed to maximize generation of
energy from thorium, to maintain self-sufficiency in 233U.

Thermophysical and thermomechanical properties of nuclear fuel are important
for predicting fuel performance under normal and off-normal conditions and also for
developing a computer code for analysis of routine operation/ accidental conditions.
In other words, evaluation of these thermal properties is important for judging in-
pile performance of fuels in advance before its actual usage inside nuclear reactors.
The available data on properties help in providing feed to the computer programmes
which are available and/or are being developed for safety and performance analysis
of nuclear fuels. These out-of-pile properties are the only benchmarks for deciding
whether the fuel meets the specific design (specification) criteria. Studies on tho-
ria–urania solid solutions, e.g. densification behaviour [8], sintering kinetics using
master sintering curve approach [9, 10] and specific heats [11] have been carried out
by the authors earlier. The present paper summarizes the microstructural observa-
tion and phase analysis carried out on those thoria–urania pellets and presents the
experimental data generated on thermal expansion and hot hardness.
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Fig. 1 Schematic of the
three stage nuclear power
programme of India [1]

1st Stage

2nd  Stage

3rd Stage

2 Experimental

2.1 Starting Powders

ThO2 powders used in this study are derived from oxalate route. The powders have
platelet-like morphology. Typical size of powders varies from 1 to 2 μm. The SEM
picture of starting ThO2 powders is shown in Fig. 2. The present work was simulated
using natural 235U instead of 233U. The ADU-derived UO2 powders were used for the
preparation of U3O8 powders. These UO2 powders were heated in air at 400–600 °C
for 4–6 h to convert to U3O8 powders. The SEM pictures of U3O8 powders, such
obtained, are shown in Fig. 3.
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Fig. 2 SEM pictures of ThO2 powders at different magnifications

Fig. 3 SEM pictures of U3O8 powders at different magnifications

2.2 Pellet Preparation

The green pellets of ThO2–4%UO2, ThO2–10%UO2 and ThO2–20%UO2 were pre-
pared by the Coated Agglomerate Pelletization (CAP) process [12, 13] using ThO2

granules (−40 mesh) and U3O8 powder as the starting material. The flow sheet of
CAP process is shown in Fig. 4. The green pellets of ThO2 and UO2 were fabricated
by powder pellet route without addition of any dopants using the conventional steps,
e.g. milling, pre-compaction, granulation and final compaction [14]. The green pel-
lets of all five compositions, as mentioned above, were sintering at 1923 K for 4 h
in Ar–8%H2 atmosphere.

The details of pellet preparation for the present study are given elsewhere [11]
which include (a) the characteristics of starting ThO2, UO2 and U3O8 powders,
(b) impurity analysis of sintering atmosphere used, (c) ‘Th’ and ‘U’ content of
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Fig. 4 Flow sheet adopted for fabrication of (Th,U)O2 pellets by CAP process [12]

ThO2–UO2 sintered pellets, (d) impurity analysis of sintered pellets by ICP-AES, (e)
density, grain size and O/M ratio of sintered pellets, (f) calculated lattice parameters
of ThO2, UO2 and ThO2–UO2 solid solutions prepared from X-ray diffraction data
etc.

2.3 XRD and Microstructure

X-ray diffraction studies of the sintered pelletswere carried out usingCuKα radiation
and graphite monochromator. The XRD patterns were recorded at a 2θ scan rate of
1°/min where 20° ≤ 2θ ≤ 70°. Slow scan XRD at higher angles (50° ≤ 2θ ≤ 80°)
was carried out by step scan (step size: 0.004°; counting time: ~1 s) to ascertain
homogeneity of sintered pellet.

For microstructural analysis, standard metallographic procedures were followed.
Sintered pellets were cut in cut-off machine using diamond wheel and then mounted
with Araldite. Mounted samples were ground in successive emery paper and were
subsequently polished on polishing clothes using diamond paste. Polished samples
were examined under optical microscope (model: Axiovet 40 Mat; make: Zeiss)
for ensuring the removal of scratches. The samples were then etched thermally at
1873 K for 6 h. The etched samples were examined in SEM using tungsten filament.
The grain size of the sintered pellets was measured by linear intercept method. The
average grain size of thoria–urania pellets was observed to vary from 10 to 20 μm.
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2.4 Thermal Expansion

The thermal expansion of sintered pellets was measured out in a vertical dilatometer
(make: SETARAM, France). The pellets were heated up to 1773 K in high purity
argon atmosphere (flow rate: 20 cm3/min) with heating rate of 2 K/min. The pellets
were cylindrical in shape with a diameter to length ratio of approximately one. The
dilatometer was calibrated with Tungsten, NBS Standard Reference Material (SRM)
737. Temperature calibration of the dilatometer was checked using uranium metal
sample, whose phase transformation temperatures are well known.

2.5 Hot Hardness

The high-temperature hardness (hot hardness) was measured in a hardness tester
(make; Nikon,Model QM) using a diamondVickers pyramid indenter. Samples were
cut from sintered (cylindrical) pellet to a cube-shaped piece using a cut-off machine.
These were metallographically polished on the top surface, and indentations were
taken on this surface from room temp to 1573 K. The indentation was carried out in
vacuum (<0.1 Pa) at an interval of 100 K at a load of 200 g and dwell time of 15 s.
The load applied for making indentation over the material at any temperature was
chosen in such a manner so as to avoid cracks at the indentation corners. After the
indenter is withdrawn from thematerial surface, both the diagonals of the indentation
were measured with an accuracy of ±2 μm. Average of the diagonals was used to
calculate the hardness. Four to five such indentations were made at each temperature,
and the hardness was calculated for each of those. Average of these hardness data at
each temperature was then plotted as a function of temperature.

3 Results and Discussions

3.1 Microstructure and Phase Analysis

The X-ray diffraction patterns for the sintered pellet are shown in Fig. 5. For compar-
ison, the patterns obtained for pure ThO2 and UO2 are also shown in the same figure.
All the sintered pellets were found to be of single-phase face-centred cubic (fcc)
type with no traces of U3O8 in the matrix by XRD. It was observed that the lattice
parameter decreases linearly with increase in UO2 content and it obeys the Vegard’s
law [11]. However, there was some peak broadening observed for compositions
having high UO2 content at higher angles (2θ > 50°) suggesting minor heterogene-
ity. The XRD pattern by slow speed step scan at higher angles (50° ≤ 2θ ≤ 80°)
obtained for compositions with higher UO2 content (>4%) showed the presence of
sub-peaks signifying the presence of variation of compositions within the matrix.
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Fig. 5 XRD patterns of sintered ThO2–UO2 pellets

Table 1 summarizes the solid solution compositions corresponding to each sub-peak
observed for all three thoria–urania compositions used in the present study assum-
ing linear variation of lattice parameter with composition. The fractional amount of
each of these solid solution compositions expected to be present in the matrix of the
pellets as compositional variation in terms of micro-inhomogeneity is also included
in the same table. For example, for the pellet having composition ThO2–10%UO2,
there will be some areas rich in UO2 and some areas rich in ThO2. Therefore, the
distribution of UO2 in the matrix is not expected to be uniform in the entire matrix
and localized variation in U/Th ratio other than the average composition of the mate-
rial can be inferred from the presence of sub-peaks in slow-speed high-angle XRD
pattern.

SEMpictures of three compositions of thoria–urania pellets obtained are shown in
Fig. 6. The microstructure of the pellets sintered in Ar–8%H2 shows a non-uniform
and inhomogeneous grain structure especially with higher UO2 content (>4%). This
inhomogeneous microstructure for ThO2–UO2 fabricated by CAP process and sin-
tered in Ar–8%H2 has also been reported earlier [12, 13]. This could be attributed
to sluggish reduction of U3O8 in-situ during sintering. The small grains observed
in the microstructure (Fig. 6b, c) enveloping larger grains could be having differ-
ent Th–U ratio than larger grains or the matrix. These small and circular grains are
clearly visible to coalesce and form separate grains along the grain boundaries of
larger grains. The heterogeneous microstructure observed by SEM in terms of small
rounded grains are expected to be partially reducedU3O8 particles which got reduced
to UO2 later on during sintering and eventually all formed solid solution with ThO2

in the matrix.
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Table 1 Measured lattice parameters of different compositions found in the micro-inhomogeneity
inside the thoria–urania matrix

S. No. Composition Average lattice
parameter
values
calculated from
five reflections
(50° ≤ 2θ
≤ 80°), nm

Corresponding
approximate
composition of
solid solution
(derived from
the lattice
parameter
calculated)

Fraction of
each solid
solution
calculated from
the intensity of
the peaks

Composition of
major phase

1 ThO2–4%UO2 0.5582 (Th0.9U0.1)O2 0.40

0.5593 ThO2 0.60 ThO2

2 ThO2–10%UO2 0.5574 (Th0.8U0.2)O2 0.20

0.5584 (Th0.9U0.1)O2 0.60 (Th0.9U0.1)O2

0.5604 ThO2 0.20

3 ThO2–20%UO2 0.5561 (Th0.7U0.3)O2 0.35

0.5573 (Th0.8U0.2)O2 0.50 (Th0.8U0.2)O2

0.5598 ThO2 0.15

Fig. 6 Microstructure of a ThO2–4%UO2 b ThO2–10%UO2 and c ThO2–20%UO2

3.2 Thermal Expansion

Restrained thermal expansion of the fuel pellet surrounded by cladding generates
thermal stresses inside the fuel. During the ‘power ramp’ of the reactors, the expan-
sion of the fuel pellet and cladding takes place very fast. Too much of differential
expansion between these two can lead to enormous stresses on the cladding material
which can lead to rupture and failure of the fuel element. Therefore, the data on
thermal expansion of nuclear fuels are very useful and important to fuel designers to
ascertain this stress and predict the life of fuel elements.

Thermal expansion value of any material depends on temperature (T ) as follows:

(�L/L0)T � A + BT + CT 2 + DT 3, (1)
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Table 2 List of the authors worked on thermal expansion measurement on (Th1-yUy)O2 (0 ≤ y
≤ 1) system and year of publications

S. No Authors Year Remark

1 Fink [17] 2000 Review paper

2 Anthonysamy et al. [28] 2000 Measurement by XRD,
(298–1973 K)

3 Tyagi and Mathews [27] 2000 Measurement by XRD,
(298–1473 K)

4 Bakker et al. [18] 1997 Review paper

5 Momin et al. [20] 1991 Measurement by XRD,
(298–1600 K)

6 Martin [16] 1988 Review paper

7 Rodriguez and Sundaram [25] 1981 Review paper

8 Touloukian et al. [15] 1970 Review paper

9 Springer et al. [21] 1967 Measurement (293–2273 K)

10 Turner and Smith [22] 1967 Measurement

11 Lynch and Beals [24] 1962 Measurement (upto 1173)

12 Kemper and Elliot [23] 1959 Measurement (293–1173 K)

13 Powers and Shapiro [26] 1959 Measurement, (Up to 1073 K)

Or,

(�L/L0)T × 100 � A + BT + CT 2 + DT 3 (2)

where (�L/L0)T and (�L/L0)T . 100 are fractional and percentage thermal expansion
value respectively and A, B, C and D are constants. When the temperature changes
by �T , the change in length �L is proportional to �T and the original length L0

�L � α × L0 × �T, (3)

where this proportionality constant, α is called the ‘coefficient of linear thermal
expansion’ (CLTE) or simply ‘coefficient of thermal expansion’ (CTE).

There are several literatures available on ThO2–UO2 system. A list of the authors
and the year of publications are given in Table 2.

For pure ThO2, percentage thermal expansion was reported in the temperature
range 150–2000 K by Touloukian et al. [15] as,

(4)

(
�L

L0

)
× 100(%) � −0.179 + 5.097 × 10−4 (T/K) + 3.732

× 10−7 (T/K)2 − 7.594 × 10−11 (T/K)3

where the percentage linear thermal expansion [(�L/L0) · 100] (%) is zero at 293 K.
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Similarly, for pure UO2, percentage thermal expansion was reported by Martin
[16]. Fink in his review paper [17] on thermophysical properties of uranium dioxide
has also recommended the data put forward by Martin. Two different equations for
two different temperature ranges were given by Martin:

for 273 K ≤ T ≤ 923 K

(5)

(
�L

L273

)
× 100(%) � −0.27 + 9.082 × 10−4 (T/K) − 2.705

× 10−8 (T/K)2 + 4.391 × 10−11 (T/K)3

and for 923 K ≤ T ≤ 3120 K

(6)

(
�L

L273

)
× 100(%) � −0.328 + 1.179 × 10−3 (T/K) − 2.429

× 10−7 (T/K)2 + 1.219 × 10−10 (T/K)3

Using the result of these two extreme studies,Bakker et al. [18] have recommended
the percentage linear thermal expansion data of (Th1−yUy)O2 (0 < y < 1) by linear
interpolation method. He suggested two different relations in two different set of
temperature ranges which are given below:

for 273 K ≤ T ≤ 923 K(
�L

L273

)
× 100(%) � −0.179 − y × 0.087 +

(
5.097 × 10−4 + y × 4.705 × 10−4

)
(T/K)

+
(
3.732 × 10−7 − y × 4.002 × 10−7

)
(T/K)2

−
(
7.594 × 10−11 − y × 11.98 × 10−11

)
(T/K)3 (7)

and for 923 K ≤ T≤ 2000 K(
�L

L273

)
× 100(%) � −0.179 − y × 0.149 +

(
5.097 × 10−4 + y × 6.693 × 10−4

)
(T/K)

+
(
3.732 × 10−7 − y × 6.161 × 10−7

)
(T/K)2

−
(
7.594 × 10−11 − y × 19.784 × 10−11

)
(T/K)3 (8)

ThO2 and UO2 form an ideal solid solution between them. In the entire solid
solubility range, the lattice parameter is observed to increase linearly following Veg-
ard’s law. The literature data on high-temperature vapour pressure measurement of
the system also support their ideal solution behaviour [19]. From this observation,
it can be reasonably assumed here that the linear change in lattice parameter could
also occur at high temperature, thereby ensuring complete solid solubility between
ThO2 and UO2 even at high temperatures. Extending this analogy, it was reported
[18] that thermal expansion of their solid solution can be reasonably approximated
as a function of temperature by taking account of weighted fraction of the individual
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constituents. Hence, thermal expansion data for compositions which are not cov-
ered in this study can be generated theoretically by linear interpolation method from
Eqs. (7) and (8) as per respective weight fraction of individual constituents.

Anomalies are not uncommon in the reported thermal expansion data for (Th,U)O2

system. The thermal expansion via lattice measurement of (Th,U)O2 system was
reported [20] using X-ray diffraction method. The values of CTE for both pure ThO2

and (Th0.8U0.2)O2 in the temperature range of validity between 298 and 1600 Kwere
reported which are found to be 9.5 × 10−6 K−1 and 7.1 × 10−6 K−1, respectively.
The CTE for (Th0.8U0.2)O2 is observed to be lower than either that of ThO2 and UO2.
The authors did not provide any explanation for this, and hence, this data cannot be
accepted. In the present study, CTE in the temperature range of 300–1573 K for
ThO2, ThO2–20%UO2 and UO2 was found to be 9.8925 × 10−6, 10.2194 × 10−6

and 11.0775 × 10−6 K−1, respectively. A significant variation of the CTE data of
(ThO2–UO2) has been observed in the literature [20–24]. In a review article [25], an
average CTE of 9.67 × 10−6 K−1 for ThO2 (293–2273 K) and 12.5 × 10−6 K−1 for
(Th0.8U0.2)O2 (1100–2400K)were reported. In another report [26], the same average
CTE value of 9 × 10−6 K−1 for both pure UO2 and (U0.064Th0.936)O2 (up to 1073 K)
was found. The authors obtained lower CTE value (8 × 10−6 K−1 up to 1073 K) for
(Th0.8U0.2)O2. However, no explanation was given for this unusual behaviour.

Tyagi et al. [27] found CTE values for ThO2 and ThO2–2%UO2 to be 9.58 ×
10−6 and 9.74 × 10−6 K−1, respectively, in the temperature range of 298–1473 K.
The CTE value obtained in the present study for ThO2 in the temperature range
300–1473 K is 9.73217 × 10−6 K−1, and for ThO2–4%UO2, it is 9.85 × 10−6 K−1;
both these values were found to be in close agreement with those reported by Tyagi
et al. The CTE value 10.33 × 10−6 K−1 for composition (Th0.87U0.13)O2 in the
temperature range 298–1973 K as reported by Anthonysamy et al. [28] matches well
with the value obtained in the present study for ThO2–10%UO2 which was found to
be 10.21 × 10−6 K−1 in the temperature range 300–1773 K.

In the present study, the experimental data from dilatometer for each individ-
ual composition are least squares fitted to give a third-degree polynomial equation
relating thermal expansion with temperature in the temperature range from 300 to
1800 K. The fitting errors for all these compositions are within ±1%.

For ThO2: 300 K ≤ T ≤ 1800 K

(9)

(
�L

L0

)
× 100(%) � −0.19730 + 5.60599 × 10−4 (T/K) + 3.45902

× 10−7 (T/K)2 − 7.42760 × 10−11 (T/K)3

For ThO2–4%UO2: 300 K ≤ T ≤ 1800 K

(10)

(
�L

L0

)
× 100(%) � −0.22017 + 6.62124 × 10−4 (T/K) + 2.53256

× 10−7 (T/K)2 − 4.65633 × 10−11 (T/K)3
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For ThO2–10%UO2: 300 K ≤ T ≤ 1800 K

(11)

(
�L

L0

)
× 100(%) � −0.22799 + 6.86287 × 10−4 (T/K) + 2.62207

× 10−7 (T/K)2 − 5.53501 × 10−11 (T/K)3

For ThO2–20%UO2: 300 K ≤ T ≤ 1800 K

(12)

(
�L

L0

)
× 100(%) � −0.22587 + 6.72379 × 10−4.(T/K) + 2.86975

× 10−7.(T/K)2 − 6.19009 × 10−11.(T/K)3

For UO2: 300 K ≤ T ≤ 1800 K

(13)

(
�L

L0

)
× 100(%) � −0.24915 + 7.54313 × 10−4 (T/K) + 2.68877

× 10−7 (T/K)2 − 4.94604 × 10−11 (T/K)3

The polynomial fitted data for all the compositions, Eqs. (9)–(13), along with data
from Touloukian [15], Martin [16] and Bakker [18] are shown together in Fig. 7. The
data obtained in this study for ThO2 and UO2 were found to be in good agreement
(within ±5%) with those reported by other authors in the literature in the entire
temperature range from 300 to 1800 K. As can be seen from this figure, thermal
expansion for each composition increases with increase in temperature. It can be
correlated to the asymmetric relation between the potential energy verses inter-atomic
distance of a material and is explained in the subsequent section.

In general, material expands with increase in temperature. Isotropic material
expands in all three directions equally. For a long thin metal rod, this expansion
would be observed as predominantly linear. For solids, thermal expansion has its
origins in the nature of the bonding between atoms. At atomistic level, expansion
of any material is observed due to the asymmetric nature between potential energy
and inter-atomic distance curve. Here, asymmetry plays a more vital role than vibra-
tional amplitude. For materials having a strong inter-atomic bonding, the trough of
the curve will be very deep indicating smaller atomic separation. These materials
have low coefficient of thermal expansion. With this logic, it is imperative that high
melting materials having strong inter-atomic bonding would exhibit low thermal
expansion coefficient.

Themelting point of a material is inversely proportional to the coefficient of linear
thermal expansion. All properties of solids can be correlated to the underlying atomic
arrangements and inter-atomic forces acting from within the material. Coefficient of
thermal expansion of a material is directly related to the attractive forces or bond
energy between atoms. Materials having strong bonding show lower expansion coef-
ficient than the materials having a weak inter-atomic bonding. So, materials having
a high melting temperature—also due to strong atomic bonds—have low thermal
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Fig. 7 Thermal expansion curve of ThO2–UO2

expansion coefficients and vice versa. Thermal expansion and coefficient of thermal
expansion are proportional enteritis. Hence, it can be inferred from the foregoing
discussion that melting point and thermal expansion are inversely proportional for
a material. It is also evident from Fig. 7 that the thermal expansion at a particular
temperature increases with increase in UO2 content. This is as expected because UO2

is having lower melting point than ThO2 and thereby having lower inter-atomic bond
energy.

3.3 Hot Hardness

Thermal toughness (hot hardness) data are useful to the fuel designers for the study
of pellet-clad mechanical interaction (PCMI) where softening behaviour of the fuel
with temperature can be studied. The hardness of a material is a measure of its
resistance to plastic deformation and is directly related to the bond strength. With
increase in temperature, the inter-atomic distances increase and the cohesive bond
strength between the atoms decreases gradually resulting in the reduction of hardness
with temperature.

Normally, hardness of any material varies exponentially with temperature [19,
29] which can be expressed, in general, in the following form:

H � A × exp(−B × T ) (14)
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where H is the hardness, T is the temperature, A is the intrinsic hardness, i.e. the
value of hardness at absolute zero and B is the softening coefficient.

The values of A and B are dependent on deformation mechanisms of the material
occurring at various temperatures. According to Westbrook [30], these constants
signify some basic material characteristics as can be co-related to some fundamental
physical parameter. He illustrated that parameter A can be related to inter-atomic
bond strength of material. Hence, as discussed in Sect. 3.2, this parameter can be
related to the melting point of the material. He established that the parameter A
follows a linear relationship with melting point. However, the slope changes with the
crystal structure of the material [30]. On the other hand, parameter B can be related
to the increase in the inter-atomic spacing. Therefore, as discussed in Sect. 3.2, this
represents the coefficient of linear thermal expansion. It was found thatmaterials tend
to group together as per their crystal structure when parameter B is plotted against
thermal expansion [31].

The values of parameter A and B in the above equation change as we move from
low temperature to high temperature. This infers to a change in deformation mecha-
nism of the material with increase in temperature which is plausible. In this context,
two different mechanisms have been suggested in the literature [30] which are slip
at low temperature and dislocation climb and boundary sliding at high temperature
(>0.5Tm). Metals and alloys are generally found to have a sharp transition in their
hardness versus temperature profile at ~0.5Tm where Tm is the melting point of the
material in K. Ceramics are not generally found to have a sharp transition of this
sort like their metals and alloys counterparts but are generally observed to have a
smoother transition at ~0.3–0.4Tm. No such transition was observed for the any of
the compositions in ThO2–UO2 solid solution undertaken in the present study. Hard-
ness was observed to decrease with increase in temperature as is discussed in the
following section.

Hardness values for ThO2–UO2 solid solutions were observed to decrease expo-
nentially with increase in temperature. The experimental data from the hot hardness
tester for each individual composition in the present study are least squares fitted to
give an exponential decay curve as a function of temperature in the range from 300
to 1573 K. The fitting errors for all these compositions except ThO2–20%UO2 are
within ±6%. A wide scatter of experimental data points was however observed for
the composition ThO2–20%UO2. This can be attributed to the low density of this
composition. As the density of the sample pellet was very low, the indentation was
observed to overlap some area of the porosity on the surface of the sample. This
led to the widespread scatter in hardness data. The temperature range of validity for
these recommended equations is 300–1573 K. The least squares fitted equations for
all the compounds are given below.

For ThO2: 300 K ≤ T ≤ 1573 K

H (kg/mm2) � (1205.10718) × exp[ − (0.00162) × (T/K)] (15)

For ThO2–4%UO2: 300 K ≤ T ≤ 1573 K
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Fig. 8 Comparisonof hot hardness data as a function of temperature forThO2,UO2 andThO2–UO2
solid solutions; the recommendeddata for the respective compositionswere obtainedby least squares
fitting of the experimental data

H (kg/mm2) � (1165.83167) × exp[ − (0.00162) × (T/K)] (16)

For ThO2–10%UO2: 300 K ≤ T ≤ 1573 K

H (kg/mm2) � (1108.87591) × exp[ − (0.00158). × (T/K)] (17)

For ThO2–20%UO2: 300 K ≤ T ≤ 1573 K

H (kg/mm2) � (1056.74448) × exp[ − (0.00155) × (T/K)] (18)

For UO2: 300 K ≤ T ≤ 1573 K

H (kg/mm2) � (870.38832) × exp[ − (0.00146) × (T/K)] (19)

The least squares fitted curves of the experimental data for all the compositions
are shown in Fig. 8. It is evident from the figure that irrespective of the composition,
the hardness value decreases with increase in temperature. The rate of decrease of
hardness is observed to be higher at low temperatures. The same rate is lower at high
temperature. Hardness values are plotted with composition (wt%UO2) at various
constant temperatures, and this is shown in Fig. 9.
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Fig. 9 Hardness as a function of UO2 content

The hardness of a material is directly proportional to its melting point. ThO2 has
higher melting point (~3573 K) than UO2 (~3033 K). Therefore, the hardness of
ThO2 is expected to decrease with addition of UO2. The same trend was observed
at all temperatures up to 1573 K for all the compositions as is evident from Fig. 8.
The decrease in hardness with addition of UO2 was not observed to be proportional
with the UO2 content. Figure 9 shows a small addition of UO2 (from 4 to 10 wt%)
decreases the hardness more than that with higher additions (from 10 to 20 wt%)
especially at lower temperatures (773 K). However, the hardness data tends to merge
at higher temperature (1573 K) for all compositions (Fig. 8). This could be attributed
to softening behaviour of the material under the effect of temperature. Hardness data
for ThO2–10%UO2 and ThO2–20%UO2 were observed to be much lower than that
for ThO2–4%UO2, especially at lower temperature. This could be attributed to the
larger grain size (~22 μm) for the composition ThO2–10%UO2 and lower density
(~85% T.D) for the composition ThO2–20%UO2.

4 Summary

Thermal expansion of ThO2–UO2 solid solutions was found to increase with increase
in temperature for a particular composition. At a particular temperature, thermal
expansion was observed to increase with increase in UO2 content.
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The recommended equations generated from the experimental data are presented.
The data obtained in this study for ThO2–UO2 solid solutions were found to be in
good agreement (within ±5%) with those reported by other authors in the literature
in the entire temperature range from 300 to 1800 K.

The hot hardness data for ThO2–UO2 solid solutions are sparse in the literature.
The experimental hardness data at elevated temperatures for all the compositions
were found to decrease exponentially with temperature up to 1573 K. The hardness
data were observed to have some scatter due to porosity effect; the least squares fitted
curves, however, shows a definite pattern with composition. Hardness of ThO2–UO2

solid solution decreases with increase in UO2 content, and the decrease is more for
lowerUO2 content and at low temperature. Thedecrease of hardnesswith temperature
is not linear with the UO2 content.
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Thorium-Based Fuels for Advanced
Nuclear Reactors: Thermophysical,
Thermochemical, and Thermodynamic
Properties

Dheeraj Jain, D. Das and B. N. Jagatap

Abstract India is developing thorium-based nuclear technologies with the aim to
introduce them in its energy mix that is sustainable in the long term. Various reactor
systems based on thorium fuel cycle are being developed. These include (i) tho-
rium utilization in existing reactors (PHWRs), (ii) advanced heavy water reactor
(AHWR), (iii) metallic-fueled reactors (fast/thermal), and (iv) molten salt reactor
(MSR). Different fuel forms being studied include oxides/carbides, metallic alloys,
and fluoride salts. Comprehensive information on the physicochemical properties of
fuel is a primary input as required by reactor engineers and safety analysts to predict
its performance under normal/off-normal reactor operation scenarios. The variable
parameters essentially include temperature, composition, microstructure, and radi-
ation field. A reliable database on thermophysical, thermochemical, and thermody-
namic properties of fuel and related materials is therefore essential. This chapter
presents an overview of R&D efforts in this direction carried out at Chemistry Group
of Bhabha Atomic Research Centre (BARC). Important results and their implica-
tions in terms of fuel’s performance potential are highlighted.While understanding of
thorium-based oxide fuels (Th-UMOX, Th–CeMOX, and SIMFUELS) has attained
reasonable maturity, exciting potential of thorium-based in metallic fuel and fluoride
salt fuel is being unearthed with recent experimental work. Few results on thorium-
based metallic alloys are also presented. To conclude, glimpses of research efforts
on thorium-based fluoride salts for Indian molten salt breeder reactor (IMSBR) are
outlined.
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1 Introduction

Mastering the energy, economics, and environment dilemma has been the major
focus of research and development in the energy sector today. Nuclear energy has
by far proven itself as one of the safest, clean, environment-friendly, economically
viable and sustainable, high energy density option. Development of safe and efficient
nuclear energy technologies will continue to play an important role, particularly in
countries that are large and growing rapidly. From the beginning of development of
nuclear technology, thorium’s potential as an inexhaustible and sustainable energy
source has been widely acknowledged. This stems out of the facts that (i) thorium is
highly abundant and widely available in economically beneficial extractable forms,
(ii) nuclear attributes of thorium fuel cycle are superior to those of presently industri-
alized uranium fuel cycle, and (iii) physicochemical properties of thorium-based fuels
are at par or better than uranium-based fuels. It would not be an exaggeration to say
that since the initial thrust in nuclear science was focused on defense-related strategic
applications, the industrial progress in uraniumenrichment andplutoniumproduction
from natural uranium, essentially drove the technology toward light water reactors
(BWRs/PWRs) and heavy water reactors (CANDUs/PHWRs/ACRs), respectively.
Researchon thorium fuel cycle, however, continued inmajor economic powers (USA,
Europe, UK, and Japan) as well as in developing countries like India. These efforts
have progressively led to understanding of thorium fuel cycle and recognition of its
case as a promising option for long-term, safe, and sustainable source of energy.
Indian nuclear fraternity in particular has been working on large-scale utilization of
thorium for energy production in accomplishing India’s three-stage nuclear power
program, as envisaged by late. Dr. Homi Jahangir Bhabha. Sustained research efforts
carried out over five decades have led to notable advancements, which include (i)
mastering thorium production and fuel fabrication technology, (ii) irradiation expe-
rience on thorium-based fuels in research/power reactors, (iii) experience on repro-
cessing of thorium-based fuels, (iv) development and continued operation of world’s
only 233U-based research reactor (KAMINI), (v) implementation of advanced heavy
water reactor (AHWR) system, which is one of the safest reactor systemwith passive
safety features designed to produce majority of power from thorium, (vi) experi-
ence on reactor physics aspects of AHWR through engineering-scale experiments
in AHWR critical facility, etc. Development of thorium-based metallic fuels and
molten salt fuels is also being pursued. Currently, India is poised to enter into the
second stage of nuclear power program by commissioning the first prototype fast
breeder reactor (PFBR) and that provides a testimony to the increasing maturity of
thorium fuel cycle. India’s vision to harness thorium energy would become reality
when sufficient stockpile of plutonium, bred from its fast reactors, will be ready
for blending with thorium in conventional reactors, and AHWR is constructed and
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commissioned, thereby introducing power production from thorium earlier than the
envisaged program.

All these developments in the Indian context are made possible with multidis-
ciplinary R&D efforts in basic and applied sciences and engineering. Innovations
in chemical sciences hold key to several areas of front-end and back-end thorium
fuel cycle, particularly in achieving reduced temperature of thoria sintering, produc-
tion of pure thorium metal, spent fuel dissolution, etc. Nuclear fuel inside a reactor
is a classical example of material evolving under thermal and radiation extremi-
ties, compositional complexity, and phase distribution. Detailed understanding of
the physicochemical properties of fuel is of primary requirement to fuel designers
and fuel performance analysts. This article presents highlights of applied research
carried out in this direction on a variety of thorium-based fuel options, namely oxides,
metallic alloys, and molten salts.

2 Thermophysical, Thermochemical, and Thermodynamic
Characterization of Nuclear Fuels

Inside a fission-based nuclear reactor, complexity originates within the fuel at
atomic/microscopic scale as neutron irradiation induces fission/activation resulting
into formation of fission fragments, fission neutrons, activation products along with
release of an enormous quantity of energy. The released energy, primarily coming
out as kinetic energy of fission products, converts into heat after their interaction
with fuel matrix. Along with the decay heat of radioactive products, this energy
is eventually extracted by coolant flowing over the surface of cladded fuel pin. A
nuclear fuel therefore experiences a host of simultaneously occurring processes,
which include: (i) dynamic change in chemical composition due to accumulation of
fission/activation products, (ii) changes in chemical state of fuel due to phases evolv-
ing from fuel-fission product (fp) interaction, fp-fp interaction and their temperature-
dependent thermodynamic stabilities, (iii) constituent redistribution, driven by ther-
mal and compositional gradients across the fuel pin, (iv) structural defect formation
due to radiation damage and simultaneous defect annealing at high temperatures, (v)
thermomechanical variations due to thermal expansion and fission-induced swelling,
fission gas accumulation and partial release, (vi) thermal conductivity variations,
and (vii) net energy storage due to heat capacity variations. Understanding the fuel
performance under these conditions requires reliable physicochemical assessment,
mainly as a function of temperature and burnup. Thermophysical, thermochemical,
and thermodynamic characterization of fuel and related materials is therefore essen-
tial. Ideally, it requires detailed post-irradiation analysis (PIA) of fuel irradiated up
to different burnups. Conducting PIA experiments on a large number of fuel pins is
technologically challenging, expensive (as it requires hot cell facilities), time con-
suming as well as associated with men rem issues. PIA experiments are therefore
carried out in unavoidable situations such as fuel pin failure analysis, fuel quali-
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fication and burnup assessment, etc. On the other hand, while not all but a great
deal of information can be obtained from virgin fuels, SIMFUELS (synthesized in
lab by mixing virgin fuel with stable isotopes of fission products for a given bur-
nup) and individual fission product phases. Studies on these materials provide an
indispensable dataset for new fuel types. To fuel designers, for example, it helps in
finalizing fuel pin dimensions, fuel-clad gap for the estimation of linear power rating.
For reactor physicists, temperature- and burnup-dependent thermophysical proper-
ties data help in simulating fuel’s performance under a given neutron spectrum. For
reactor engineers, such database is primary input for development and evaluation of
fuel performance codes. Since fuel behavior under transient/off-normal reactor con-
ditions would be governed by temperature-dependent variation in physicochemical
properites, these data are also essential for safety analysis of a fuel/reactor system.
To sumup, thermophysical, thermochemical, and thermodynamic characterization of
fuels, SIMFUELS, and chemical phases formed during reactor operation is essential
for overall evolution of reactor technology.

3 Thorium-Based Oxide Fuels

Majority of nuclear power reactors operating worldwide (PWRs/BWRs/PHWRs)
use oxide fuels. Extensive research has been carried out on these fuels. Oxide fuel
forms therefore become an obvious choice for any new reactor system. Reasons for
dominance of oxide fuels in present nuclear technology include availability of indus-
trially matured and economically viable fuel fabrication/reprocessing technologies
and cumulative operational experience gathered over several decades. Oxides being
inertmatrix can be handled in large quantities (tonnes) under near ambient conditions.
Thoria-based fuels are further attractive due to their redox inertness under chemi-
cal/thermal/radiation extremities. Among initial actinides, thorium is uniquely stable
in its tetravalent oxidation state in bulk ceramic forms (oxides, carbides, nitrides, etc.).
As a result, thoria-based fuel options have been widely studied. In India, fuel bun-
dles exclusively containing high-density thoria pellets have long been irradiated in
(i) thermal research reactors (J-rods in CIRUS and Dhruva reactors), (ii) fast breeder
test reactor (FBTR, in reflector region), and (iii) Indian PHWRs (blanket region) to
obtain irradiation experience. Thoria-based mixed oxides (MOX), namely Th-U and
Th–Pu MOX, are the driver fuels for AHWR. Extensive research has been carried
out to characterize these fuels and associated phases, and the following is a summary
of progress made in this direction.
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3.1 Thermophysical Properties of Thoria-Based
Fuels/SIMFUELS

Thermal conductivity and thermal expansion are two important thermophysical prop-
erties for which reliable database are needed. Melting behavior (solidus/liquidus
temperatures) and density information also help in predicting safe operational tem-
peratures and attainable burnups. Thermal conductivity and thermal expansion data
are required to be generated as a function of temperature, composition (burnup), oxy-
gen potentials, porosity, and fuelmicrostructure. Caremust be taken toward complete
sample characterization, higher accuracy, and reproducibility ofmeasurements while
evaluating these properties, which in turn leads to higher confidence margins in com-
puter codes/safety analysis codes and define precisely the safety margins for reactor
operation.

Thermal conductivity of fuel affects various aspects of fuel behavior such as
linear power rating, central line temperature, swelling, fission gas/volatile release,
discharge burnup, etc. Efficiency of heat extraction from a nuclear fuel depends
on thermal conductivity of fuel, clad, plenum gas, and other structural materials.
Heat flow, particularly in solids, is governed by available heat carriers and their
fractional contribution to net heat flow. These carriers are electrons, phonons, exci-
tons, polarons, etc. Factors that influence their contribution are temperature, defects,
composition, porosity, and microstructure. Thermal conductivity of a solid (λtotal)
therefore can be represented as:

λtotal � λelectron + λphonon + λexciton + λpolaron + λradiation + · · · (1)

Factors influencing thermal conductivity of crystalline ceramics are recently sum-
marized by Kutty et al. [1]. Experimentally, thermal conductivity can be evaluated
by two different classes of methods, namely (i) steady-state methods and (ii) tran-
sient methods. In steady-state methods, specimen is brought to equilibrium heat flow
under a predefined thermal gradient. Temperature measurements at various points
inside the specimen are made, and thermal conductivity is directly evaluated using
the general equation of unidirectional heat flow.

dQ/dt � λ.(−dT/dx).A (2)

where dQ/dt is heat flow rate; dT /dx is temperature gradient along the direction of
heat flow (dT /dx <0);A is area cross section of conductor; andλ is thermal conductiv-
ity. Steady-statemethods give highly accurate results but are time consuming, require
large sample size, and are limited in applicable temperature range (RT-1200 K). An
indigenously developed system operating over RT to 1250 Kwith±3% accuracy has
been extensively used for thermal conductivity studies on thoria and urania-based
nuclear fuels at BARC (Fig. 1) [2]. In case of transient methods, a thermally equi-
librated specimen is given a small thermal transient, and the heat flow response due
to applied transient signal is measured in radial/axial direction. Using this response,
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Fig. 1 Indigenously
developed high-temperature
thermal conductivity
measurement setup

thermal diffusivity (α) is evaluated. Thermal conductivity (λ) and diffusivity (α) are
related to each other by following relation:

λ(T ) � α(T ) × ρ(T ) × Cp(T ) (3)

where ρ(T ) and Cp(T ) are temperature-dependent density and heat capacity of the
specimen, respectively.

Temperature dependence of density is derived from linear thermal expansionwhile
specific heat can either be measured (Differential Scanning Calorimetry (DSC)/drop
calorimetry) or estimated from Neumann-Kopp rule using the reported specific heat
of constituents, wherever applicable. One of the most popular techniques based on
transient method is flash technique [3]. It is fast and reliable, applicable at very high
temperatures (up to 2800 K) and requires very small sample size.

Thermal expansion data is equally important and required to be evaluated for
fuel, fission products phases, fuel-fission product interaction compounds, and SIM-
FUELS as a function of temperature. Fission products may (i) dissolve in fuel lattice
(rare earths, Zr, etc.), (ii) remain isolated in elemental/alloyed/intermetallic form
(noble metals, Mo, Te, Cd, etc.), and/or (iii) make stoichiometric compounds/phases
(alkalis, alkaline earths, etc.). Information on both bulk as well as lattice expansion
behavior governs the optimization of fuel pellet-clad gap in such a way that the gap is
not narrowed extensively to cause pellet-clad physical contact leading to pellet-clad
interaction (PCI) under differential stress. Also, gap should not be kept unnecessar-
ily wider, which further increases at high temperature, leading to poor heat transfer
from fuel to clad due to deteriorating gap conductance. Thermal expansion data
with porosity also gives useful information on fuel’s thermomechanical behavior as
a function of fission gas buildup. While lattice thermal expansion is evaluated by
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temperature-dependent diffraction techniques (HT-XRD, neutron diffraction, etc.),
bulk thermal expansion is measured using high-temperature dilatometry. An indige-
nous dilatometer has been developed at Chemistry Division, BARC, for thermal
expansion characterization of thoria and urania-based fuels [4].

Extensive work has been carried out to characterize thermal conductivity and ther-
mal expansion of thoria-based fuels, and relatedmaterials as a part of task force activ-
ity onAHWRdevelopment program. All studies have been carried out on laboratory-
synthesized oxide pellet samples thatmimic the design basis ofAHWR fuel. Thermal
conductivity of UO2 [5], ThO2, Th0.98U0.02O2 solid solutions [6], (Th1−xREx)O2−x/2

[7], and AHWR SIMFUEL have been evaluated. Suitable heat conduction models
have been applied to delineate heat transfer mechanism in these ceramics as a func-
tion of temperature and composition. Thoria-based fuels have superior heat transport
behavior compared to urania-based fuels, and it remains so with increasing temper-
ature. Thermal conductivity decreases with temperature, and heat flow is dominated
by phonon conduction. In general, thermal conductivity decreases with dissolution
of fission products while it increases with precipitating metallic fission products. At
very high temperatures (>2000 K for UO2; >2700 K for ThO2), thermal conductivity
further increases, which has been attributed to increasing ambipolar contribution.
This is useful for simulating heat extraction from fuel under severe accident sce-
nario, where temperatures close to fuel melting are likely. Large database has been
generated on virgin fuels, fuel-fission product interaction phases, and SIMFUEL
compositions. More work is still required to (i) determine thermal conductivity of
thoria-based SIMFUELS corresponding to extended burnups (50–150 GWd/T), (ii)
ThO2 doped with metallic fission product phases, and (iii) computational modeling
for simulation of heat transfer efficiency in temperature range where experiments
are challenging or not possible. Experimental data on thermal conductivity of liq-
uid ThO2 does not exist. Large uncertainty exists on thermal conductivity of Th–Pu
MOX and needs to be addressed by further work on Th–Pu and Th–Ce MOX fuels
(taking Ce4+ as surrogate of Pu4+ in fluorite lattice). Thermal conductivity also varies
with microstructure, and therefore, it will be important to study microstructural vari-
ations in SIMFUELS corresponding to different burnups and correlate with thermal
conductivity variation.

Thermal expansion studies have been carried out on ThO2, UO2 [8], Th-U MOX
[9], Th–Ce MOX [10], Th-RE MOX [11, 12], Th-fp solid solutions [13], AHWR
SIMFUEL, stoichiometric fuel-fp phases [14], etc. Results of these studies impart
following attributes to thoria-based fuels: Thoria-based MOX fuels indicate better
performance with relatively lower thermal expansion characteristics. With larger
lattice parameter (aTHO2 �560 pm; aUO2 �540 pm; aPuO2 �535 pm) and complete
redox inertness of Th4+ in comparison to U4+ (UO2 gradually converts to UO2+x),
thoria provides more space for fission product retention without excess swelling.
It has also been identified that alkali thorates (MThO3; M�Ba, Sr) and rare earth
compounds show higher expansion behavior and are possible source of structural
stress and swelling. Table 1 summarizes the results of thermal expansion studies on
some representative fuel and fuel-fission product interaction phases.
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Table 1 Average coefficient of thermal expansion for few thoria-based ceramics

S. No. Oxide system Range of ‘x’ Average CTE (ppm/K) RT-1273 K

1 Th1−xUxO2 0.0≤ x ≤1.0 9.10 (x �0.0) to 10.81 (x �1.0)

2 Th1−xCexO2 0.0≤ x ≤1.0 9.10 (x �0.0) to 11.58 (x �1.0)

3 Th1−xYxO2−x/2 0.0≤ x ≤0.125 9.10 (x �0.0) to 8.27 (x �0.125)

4 Th1−xNdxO2−x/2 0.0≤ x ≤1.0 9.10 (x �0.0) to 11.26 (x �1.0)

5 Th1−xBaxO2−δ 0.0≤ x ≤0.05 9.10 (x �0.0) to 9.34 (x �0.05)

6 Th1−xSrxO2−δ 0.0≤ x ≤0.10 9.10 (x �0.0) to 9.43 (x �0.10)

7 BaThO3 – 11.09

8 SrThO3 – 10.49

In conclusion, superior thermophysical properties of thoria-based fuels would
impart safer and superior operation of these fuels with relatively lower centerline
temperatures, as compared to urania-based fuels. Further, they would have lesser
fission gas release and lesser stored energy during severe transients. Lesser expan-
sivity and higher solidus temperatures can allow for a narrower pellet-clad gap and
high-temperature operation, respectively.

3.2 Thermochemical and Thermodynamic Characterization
of Thoria-Based Fuels/SIMFUELS

Inside a nuclear reactor, when fuel undergoes fission/transmutation, the generated
species (fission fragments and heavier nuclides) exhibit nuclear (with fission neu-
trons) and chemical reactions (solid-state reaction between fuel, fission products, and
activation products) under prevailing thermochemical and radiochemical conditions.
Chemical state of fuel is essentially governed by thermochemical stability of different
phases. One fission event gives two fission fragments and thus, results into creation of
additional nuclei, while transmutation and radioactive decay results into substitution
and/or de-excitation of existing nuclei. In metallic fuel, chemical state of fuel evolves
as heterogeneous mixture of alloys, intermetallics, and solid solutions along with fis-
sion gases/volatile products. Contrary to this, chemical state of fission products in
ceramic fuels (oxide/carbide/nitride/composites) includes both ceramic as well as
metallic phases along with gaseous/volatile products. This essentially depends upon
nonmetal/metal potential (oxygen potential in oxides, carbon potential in carbides,
etc.) and thermochemical stability of a given phase. Further, fuel’s chemical state
continues to evolve with burnup and temperature and has following consequences: (i)
variation in thermophysical and thermochemical properties, (ii) constituent redistri-
bution, i.e., material transport under the influence of concentration gradient, thermal
gradient, and radiation damage, (iii) fuel swelling due to accumulated fission gases
leading to varying fuel-clad gap, (iv) varying gap conductance due to fission gas
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Fig. 2 Indigenously
developed high-temperature
transpiration system

release in plenum volume, and (v) modified clad properties due to radiation dam-
age, corrosion by volatile fission products, pellet-clad interaction, etc. In oxide fuels,
excess oxygen is liberated due to formation of higher fraction of metallic/lower oxi-
dation state phases, compared to phases stable in higher oxidation states. Oxygen
potential of fuel therefore increases with burnup and governs the extent to which the
fuel can be irradiated. From above discussion, it is clear that detailed understanding
of fuel’s thermochemistry is essential to understand its performance potential in a
reactor under actual operating conditions and predictable accidental situations. Such
studies are carried out by (i) PIA on irradiated fuels to characterize chemical state at a
given burnup and (ii) thermodynamic and thermochemical assessment of individual
phases and SIMFUELS corresponding to various burnups, which include evaluation
of (i) vaporization behavior, (ii) oxygen potential, (iii) oxygen transport studies, (iv)
thermodynamic properties of fuel-fission product interaction phases, etc.

In case of thoria-based fuels for AHWR, extensive work has been carried out to
evaluate thermodynamic and thermochemical properties of virgin fuel, SIMFUELs,
and individual fuel-fission product phases. The subject has recently been reviewed
by Bharadwaj et al. in a book chapter [14]. While detailing the results obtained on
thoria fuels is out of the scope of present article, specific behavior of these fuels is
summarized in what follows. It is noteworthy to mention here that several experi-
mental systems (Knudsen effusion technique, transpiration technique, vapor pres-
sure technique, galvanic EMF cell technique, manometric technique, etc.) have been
indigenously developed for such studies. Figure 2 shows one such system, i.e., the
high-temperature transpiration unit.

Similar to urania-based fuels, overall distribution of fission products in irradiated
thoria-based fuels includes (i) fission products dissolved in oxide fuel matrix (Sr, Zr,
Nb, Y, La, Ce, Pr, Nd, Pm, Sm), (ii) metallic phases (Mo, Tc, Ru, Rh, Pd, Ag, Cd, In,
Sb, Te), (iii) precipitated oxide phases involving Ba, Sr, Zr, Nb, Mo, Rb, Cs, Te, etc.,
and (iv) fission gases/volatiles (Kr, Xe, Br, Te, I, etc.). Comparison of typical fission
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yields of urania- and thoria-based fuels indicate relatively higher yields of gaseous
and lower yields of metallic fission products in thoria-based fuels under similar irra-
diation conditions. Investigations on phase stabilities, vapor pressure studies, and
transport properties of these phases indicate that thermochemistry of thoria-based
fuels is quite different, essentially due to redox inertness of Th4+ in all its nonmetallic
condensed phases. This is in sharp contrast to urania-based fuels where uranium can
stabilize as U4+, U5+, and U6+ under varying oxygen potential conditions. As a result,
oxygen potential rises quite rapidly in thoria-based fuels, particularly during the onset
of oxygen hyperstoichiometry. In comparison, oxygen potential buildup is slower in
urania-based fuels since UO2 can retain extra oxygen within the lattice (as UO2+x).
This results into slower oxygen transport controlled by self-diffusion in thoria-based
fuels as compared to chemical affinity-controlled rapid oxygen transport in urania-
based counterparts. The overall fuel performance and management of excess oxygen
pressure in thoria-based fuels would therefore depend on (i) oxidation kinetics of
molybdenum, which can make stable oxides and remain in metal/metal oxide equi-
librium, (ii) formation kinetics and thermodynamic stability of binary/ternary/higher
oxides of thorium with various fission products, and (iii) oxygen transport from fuel
to clad as well as clad oxidation kinetics. Molybdenum oxidation is predicted at
relatively lower burnups than usually seen in urania-based fuels. Apart from oxygen,
transport behavior of reactive volatile fission products such as iodine, tellurium, etc.,
from fuel to clad would also determine clad corrosion. Analysis of thermodynamic
stability of oxides phases with alkalis (M2ThO3) and alkali earths (M’ThO3), which
will be formed in thoria-based fuels (gray phases) indicates safer and superior per-
formance of these fuels. In conclusion, thermochemistry of thoria-based fuels, which
is mainly governed by buildup of oxygen potential, extent and mechanism of oxygen
transport, and chemical transport behavior of volatile fission products, indicates good
potential for safe irradiation up to high discharge burnups.

3.3 Transport Properties of Fission Gases and Volatile
Fission Products in Thoria-Based Fuels

Fission gases (Kr, Xe) and volatile fission products (I, Te, Cs, Rb, etc.), which form
in sizable proportion of total fission products, also influence fuel performance, espe-
cially at higher burnups (>60 GWd/T). Their transport and release behavior through
the fuel matrix govern the extent of fuel swelling, which in turn help in estimating the
onset of fuel-clad mechanical interaction (FCMI). Due to fission, these products are
generated in monoatomic form inside the fuel matrix, and before escaping from fuel
pellet in gaseous/vapor form, undergo significant redistribution. During this redistri-
bution, they grow to form microbubbles (in grain interior), spherical/lenticular bub-
ble (over grain surfaces), and interconnected bubbles/pores (along grain boundary
region). With increasing burnup, higher release of fission gases leads to deterioration
of gap conductance of pre-filled helium gas. This result in poor heat transfer and
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thereby increasing the fuel centerline temperature and further leading to increase
in fission gas release. As a result, fission gas release behavior acts as one of the
factors that limits the average discharge burnup for a fuel. Greater release of fission
gases/volatiles is observed during transients, power ramps (startup) as compared to
steady-state reactor operation. In particular, at extended burnups (>150 GWd/T),
where fuel microstructure evolves as fine submicron-sized grains along with uni-
formly distributed closed porosity in the rim region of fuel pellet, relatively larger
fraction of fission gases is retained within the fuel in the form of over pressurized
pores. Volatile fission products, although less in concentration (other than Cs) as
compared to fission gases, also affect the fuel performance. They have higher vapor
pressure in free/bound state, and their escape from fuel pellet and deposition over
clad surface can cause clad corrosion or hydride precipitation. Redistribution of
both fission gases and volatile fission products occurs predominantly by thermally
assisted transport under the influence of thermal and concentration gradients with a
marginal contribution (1–3%) from athermal processes (recoil/knockout/irradiation
induced). Dominant mechanism of diffusion varies with burnup. Fission gas/volatile
release behavior is also influenced by fuel pellet microstructure, bulk defects (micro-
cracks developed during thermal cycling), etc. As we go to higher burnups, transport
occurs through interconnected pores, intergrain channels, etc. A review of fission
gas/volatiles release behavior is presented by Das et al. [15].

Fission gas/volatiles release behavior is experimentally studied by PIA of trace
irradiated fuel samples that have been fully characterized prior to irradiation. Irradi-
ated samples are handled after sufficient delay to ensure decay of short-lived radioiso-
topes till safe handling limits. It is assumed that fission gases/volatiles trapped inside
the matrix are uniformly distributed within the sample. Isothermal annealing of these
samples under controlled atmosphere leads to release of certain fraction of trapped
species, and release behavior can be studied by (i) immobilizing the released species
in a suitable form and analyze it radiometrically (release fraction of individual species
versus temperature) or (ii) evaluate the residual activity of irradiated sample after
prolonged isothermal annealing at different temperatures (total release fraction vs
temperature). The former approach is preferred as release behavior of individual
species can be studied. Using the measured release fraction against temperature,
intrinsic diffusivity and activation energy of diffusion for individual species can be
obtained. Ion implantation of a given fission product in a specimen followed by
vacuum annealing and detection by mass spectrometry is another approach to study
fission gas/volatile release behavior. However, it is not preferred over trace irradiation
method, whichmimics the initial reactor irradiation conditions. It is important to note
that these methods are reliable at lower burnups. Results obtained on high burnup
fuels deviate from those predicted by atomic diffusion mechanism, as other modes
of mass transport start contributing to overall release behavior. Other experimental
methods include in-pile rod pressure measurement, gamma-ray spectrometry, PIA
studies by ceramography or rod puncturing, etc.

Compared to UO2, ThO2-based fuels with similar density and microstructure in
general exhibit slower fission gas release behavior. This is due to (i) lower diffusivity
of Th4+ compared to U4+, (ii) higher activation energies for vacancy and anion inter-
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Fig. 3 Schematic of PIA
setup used for Xe release
studies in thoria-based fuels

stitial migration in ThO2, (iii) redox inertness of Th4+ leading to absence of oxygen
hyperstoichiometry-induced vacancy migration, (iv) slower diffusion due to lower
temperature gradients in higher thermal conductivity thoria, etc. To study the trans-
port behavior of fission gases and volatile fission products in AHWR fuel, extensive
work has been carried out on both virgin fuel and high burnup SIMFUELS [16, 17].
PIA facilities have been indigenously set up to carry out these studies on trace irradi-
ated fuels. Figure 3 shows schematic of PIA setup developed for Xe release studies
in thoria-based nuclear fuels.

Experimental results are evaluated using statistical models. One example is Booth
model [18], which assumes intragrain atomic diffusion to be rate-governing step in
atomic transport of fission gases/volatiles. Experimental results, however, show lower
release as compared tomodel’s prediction.Using the experimental results, both lattice
diffusion and grain boundary diffusion coefficients can be evaluated as a function
of temperature, burnup, pellet microstructure, etc. To support experimental results,
various theoretical approaches (first principlemethods andmolecular dynamics (MD)
simulations) can be used to model atomic diffusion through fuel lattice.

Results obtained on fission gas/volatile fission product release behavior in trace
irradiated (~5×1020 fission m−3) AHWR fuels are summarized as follows: It is
observed that high-density ThO2 fuel with a nongranular microstructure would retain
more fission gas as compared to urania-based fuels and would therefore be suitable
for safe irradiation up to extended burnups. Due to lower release behavior of fission
gases/volatiles, in combination with superior thermophysical properties, these fuels
would be operable at higher power ratings. It has also been noted that increasing
defect density (vacancies) would accelerate fission gas release. In case of AHWR
SIMFUELS (thoria–urania solid solutions doped with fission products for 2 atom%
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burnup), lowering of activation energies of diffusion for Xe, I, and Te, in comparison
to virgin AHWR fuel (Th0.98U0.02O2), indicates the role of defects/scattering centers
on increasing ionic/atomic diffusivities. As compared to virgin fuel, Xe release is
found to increase in SIMFUELS. Volatile fission products migration would be sig-
nificantly lower in thoria-based fuels. Bulk diffusivities of iodine and tellurium are
quite low compared to that in pure UO2. Based on activation energies and intrinsic
diffusivities, it has been identified that mechanism of atomic transport for fission
gas (Xe) is quite different than that for volatile fission products (I, Te), indicating
higher chemical affinity of later with the fuel matrix. In conclusion, assessment of
fission gas/volatile fp transport behavior in thoria-based fuels reaffirms the potential
of these oxides as safe and high burnup fuel options.

4 Thorium-Based Metallic Fuels

Fast reactors make the start of second stage of India’s nuclear energy program. After
the commissioning of U-Pu MOX-fueled PFBR, it is planned to construct a couple
of oxide-fueled fast breeder reactors (FBR) in coming decade followed by another
fleet of metallic-fueled fast breeder reactors with U-Pu-Zr alloys as driver fuels [19].
Metallic fuels are chosen as they offer awell-studied, safe, efficient, and proliferation-
resistant fuel options for rapid expansion of nuclear energy capacity. Major advan-
tages, inherent of metallic fuels over ceramic fuels, include faster breeding with
shorter doubling time, convenient fuel reprocessing by pyrochemical electrorefin-
ing, inherent safety during transients, nonproliferative nature, extensive irradiation
experience up to high burnups (10–20 atom%), etc. Excellent reviews on experience
with metallic-fueled fast reactor technology are available [20]. Different aspects of
U-Pu-Zr alloy fuel cycle including fuel fabrication, physicochemical assessment, test
irradiation in fast breeder test reactor (FBTR), laboratory-scale reprocessing, etc.,
are already being studied at Indira Gandhi Centre for Atomic Research (IGCAR). In
line with future program on metallic-fueled reactors and India’s central strategy of
utilizing its vast thorium resources, it is essential to explore the potential of thorium-
based metallic fuels and develop them along with U-based metallic fuels. Table 2
presents general properties of thorium, uranium, and plutonium metals. It is evident
that thorium has the best set of structural, physical, and thermophysical properties,
looked for a nuclear fuel. For example, thorium has melting point (~2025 K) higher
than uranium (~1405 K), which imparts better chemical stability, higher solidus
temperatures of thorium-rich alloys, and amenability for fuel operation at higher
centerline temperatures. High thermal conductivity and lower expansivity of tho-
rium enable efficient heat extraction and lower fuel swelling, respectively. Isotropic
cubic structure of thorium up to melting transition is significant in terms of isotropic
swelling and less dimensional distortions in fuel element. Lower density of thorium
allows for higher retention of fission products without much swelling. Higher solidus
temperatures of thorium-based alloys tend to retard the diffusion of volatile/gaseous
fission products, etc. Fuel can be made in the form of Th-U/Th–Pu binary alloys, Th-
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Table 2 General properties of thorium, uranium, and plutonium metals

Property Thorium Uranium Plutonium

Structure FCC (RT-1673 K)
BCC (1673-Tm)

Orthorhombic
(RT-935 K)
Tetragonal
(935–1045 K) FCC
(1045 K-Tm)

Six allotropes
(Monoclinic at RT)

Lattice parameter (Å)
(for RT phase)

5.07 a �2.85 b �5.87 c �
4.95

a �6.18 b �4.82 c �
10.97, β �101.80o

Melting point (K) 2025 1405 913

Boiling point (K) 5060 4405 3508

Theoretical density
(g/cc at 298 K)

11.68 19.05 19.86

Specific heat at RT
(J/mol K)

26.2 27.7 35.5

Thermal conductivity
(W/m K) at 773 K

43.1 30 30

Coefficient of thermal
expansion (ppm/K)

11.9 (30–600 K) 14.2 (30–600 K) 56 (mean value
α-phase)

U-Zr/Th–Pu-Zr/Th-U-Pu ternary alloys, etc. In a recent article, Jain et al. [21] have
reviewed the subject of thorium-based metallic alloys as advanced nuclear fuels in
terms of their basic properties, inherent advantages/challenges, available literature
information, irradiation experience, and future prospects. It comes out that along
with inherently advantageous neutronic aspects of thorium fuel cycle, these alloys
fuels have superior physicochemical properties compared to uranium-based alloys
and are promising nuclear fuel candidates for future reactor technologies.

Compared to uranium-based metallic alloy fuels, limited literature is available
on fabrication, irradiation experience, and reprocessing of thorium-based metallic
alloys. Majority of work has been reported from USA and Europe citing the devel-
opments made during 1960–80. In view of India’s program of thorium utilization and
attractive features of metallic alloy fuels, early development of these fuels has been
taken up at Bhabha Atomic Research Centre (BARC) with basic studies on prepara-
tion and characterization of thorium metal and alloys [22, 23] and their thermal and
thermophysical characterization [24]. Following section summarizes the progress
made on thermophysical characterization of binary and ternary alloys of thorium
with uranium and zirconium.

4.1 Thermophysical Characterization of Thorium-Based
Metallic Alloys

Reliable database on thermophysical properties of well-characterized thorium alloys,
constituent metals, and related materials is essential for prediction of fuel’s perfor-
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Table 3 Average linear thermal expansion coefficients of Th-U binary alloys [24]

Sample → Th metal Th-10U alloy Th-20U alloy

Average CTE (RT -1100 K) ↓
Measured values [24] 11.7×10−6/K 11.9×10−6/K 13.4×10−6/K

Literature values 12.2–12.6×10−6/K Not available Not available

Oxidation during measurement 0.31 wt.% 0.45 wt.% 1.30 wt.%

Fig. 4 Thermal conductivity
of Th–U binary alloys and
constituent metals as a
function of temperature [24]
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mance potential and safety analysis. Several alloys including 90Th-10U, 80Th-20U,
90Th-3U-7Zr, 90Th-7U-3Zr, 90U-10Zr, etc. (compositions in weight%) have been
investigated. Alloys prepared by DC arc melting of constituent metals under inert
atmosphere and characterized for their structure, phasemorphology, and composition
have been studied for their bulk thermal expansion, specific heat capacity, thermal
diffusivity, and thermal conductivity as a function of temperature over RT—1200 K
range. Phase distribution behavior of these alloys has also been studied to identify
various phases present in (i) as-prepared and (ii) vacuum annealed alloy samples.
These alloys have been characterized as multiphase alloys. Table 3 shows the varia-
tion of thermal expansion coefficient for these alloy systems. Figure 4 shows variation
of thermal conductivity of Th-U binary alloys with temperature [24]. It is evident
that thorium-based metallic alloys have excellent heat transfer properties, and fur-
thermore, thermal conductivity of these alloys increases with temperature.

One essential attribute of these alloys is their higher reactivity toward air/moisture
or contact materials at elevated temperatures. Extent of such reactions is seldom
mentioned while reporting their thermophysical and thermodynamic properties and
therefore can cause ambiguity in correct assessment of their performance potential.
Care must be taken to minimize the extent of such surface reaction during high-
temperature measurements and quantify themwhile reporting their physicochemical
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properties. Further work in this direction is focused on ternary alloys, SIMFUELS,
and fuel-fission product alloys/intermetallic compounds.

5 Thorium-Based Molten Salt Reactors

Molten salt breeder reactor technology, based on thorium fuel cycle, is being consid-
ered as one of the options for third stage of Indian nuclear power program. Perhaps
this is the most attractive candidate for thorium utilization with potential to achieve
self-sustaining 232Th/233U fuel cycle [25]. In this direction, a conceptual design of
Indian molten salt breeder reactor (IMSBR) without use of moderator/reflector has
been developed and the essential material issues, which need to be addressed from
basic scientific understanding, have been brought out [26]. This has given impetus
to augment in-house basic and applied research on thermophysical, thermodynamic,
and thermal studies on candidate salts systems and their interaction with IMSBR
structural materials. A brief summary of the activities on candidate salt systems
being pursued is presented below.

5.1 Thermophysical and Thermal Characterization
of Thorium-Based Fluoride Salts for IMSBR

In case of molten salt reactor materials, the foremost requirement is development of
various salt systems (fuel salt, blanket salt, coolant salt, etc.) and their thermal char-
acterization. This includes preparation and purification of these salts with minimum
moisture ingress and optimization of near perfect eutectic composition in multicom-
ponent salt systems. Thermal analysis of these salts is therefore essential. Modifica-
tion in experimental setups is also a prerequisite for handling thesemoisture sensitive
salts. Selection of thermochemically inert accessories such as sample pans, crucibles,
tubing, etc., is important in this regard. Thermal analysis on fuel (LiF-ThF4-UF4)
and blanket salt systems (LiF-ThF4, LiF-CaF2-ThF4, LiF-NaF-ThF4) has resulted
in identification of following salt compositions with true eutectic melting behav-
ior: (i) fuel salt: 78LiF-20ThF4-2UF4 (T eutectic �823 K; �H fusion �106.6 kJ/mol;
composition in mol%), (ii) blanket salts: 70LiF-8CaF2-22ThF4 (T eutectic �773 K)
and 43.5LiF-32.5NaF-24ThF4 (T eutectic � 779 K [27]. Heat capacity and enthalpy
increment studies on these eutectic compositions have also been performed by drop
calorimetric technique over the temperature range from 523 to 1073 K. Various
other aspects such as temperature-dependent vapor pressure studies over these salts
are being investigated.

Thermophysical properties that are required for performance evaluation of molten
salt fuel systems are thermal conductivity and viscosity. Both need to be measured
accurately over a wide temperature range as they influence heat transfer character-
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istics in molten salt systems. Indigenous development of experimental setups for
carrying out these measurements on chemically harsh salt systems is required since
commercial equipment for similar studies is rarely available and exorbitantly expen-
sive. A couple of such systems are presently being developed [28] to characterize
fluoride molten salts at moderate flow rates, where their behavior can be approxi-
mated to Newtonian fluids.

Another important aspect of fluoride salt systems is to understand their interaction
with structural materials that are likely to be used for fabrication of MSBR flow
tubes, reactor vessel, heat exchanger tubes, etc. Nickel-rich alloys such as Inconel,
Hastelloy, etc., which have superior chemical resistant to fluoride salts at elevated
temperatures, are potential candidates for this purpose. Fluoride-induced corrosion
on various such materials is being investigated under prolonged exposure to various
salt systems (fuel/blanket/coolant) at different temperatures.

To summarize, the current studies on thermal, thermodynamic, and thermophys-
ical characterization of potential salt systems for IMSBR program would serve as
essential input for performance assessment and simulation of these salt systems under
reactor operating conditions.

6 Conclusions

Thorium-based nuclear fuels will play a dominating role in India’s long-term nuclear
energy program. Potential fuel options available with thorium cycle include ceramic
oxides, metallic alloys, and molten salts, with distinct advantages of each fuel type
for a specific reactor. Thermophysical, thermochemical, and thermodynamic charac-
terization of such fuels is one of themost essential requirements for reactor engineers
and safety analysts to assess the fuel performance in normal as well as transient reac-
tor operating conditions. Significant developments have beenmade on thorium-based
oxide fuels for Indian AHWR.

Detailed review of these studies as presented in the article indicates that thoria-
based fuels would behave differently than urania-based systems with altogether
distinct thermochemistry. These fuels would perform safely to higher burnups
(>50GWd/T) in thermal reactors andwould be superior to conventional urania-based
fuels. It is also indicated that future efforts should be dedicated toward characteriza-
tion of extended burnup SIMFUELS and fuel-fission product compounds. Metallic
alloys and fluoride salt systems based on thorium are also being investigated for their
thermal, thermophysical, and thermodynamic properties. Early results indicate great
potential of thorium-based metallic alloys as advanced nuclear fuel option for future
reactors. Work on thorium-based molten salts in referenced to their thermal and ther-
modynamic assessment is also presented. In conclusion, these studies make essential
platform for overall fuel development and performance assessment and contribute
in development of thorium-based nuclear energy technologies.
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Abstract Room temperature thermal conductivity values of selected composition of
Th-U alloys were experimentally measured employing Transient Plane Source (TPS)
technique using slab sample geometry. Experimental values were fitted in an empir-
ical model relating room temperature thermal conductivity with alloy composition.
The trend has been explained based on actual microstructural features. The room
temperature thermal conductivity values of Th-U alloys were found to be superior
to that of other prevailing metallic and ceramic fuel candidates.
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1 Introduction

Energy is essential for mankind to survive and cater to further development. To have
a reasonable human development index (HDI), we would require nearly ten times
more number of nuclear reactors even if half of the total required power is generated
by nuclear fission [1, 2]. It would certainly require more nuclear fuel to run so many
reactors. U235 is the only naturally occurring fissile isotope that undergoes fission to
produce energy in a nuclear reactor.Other fissile isotopes can be produced in a reactor,
e.g. Pu239 from U238 and U233 from Th232. It has become clearer now that mining of
uranium for its fissile content is at best can be a temporary solution. This has been
indicated that although vast quantities of high-cost fissile uranium can conceivably be
considered a source of energy, the cost of utilizing it would be prohibitive [3]. Rather,
a more economical solution to the long-term energy supply problem is to produce all
future fissile material by irradiating fertile materials in the fuel elements of a nuclear
reactor. It was realized early in the history of nuclear energy that U235 alone would
not be able to cater to the global power requirement. Both U238 and Th232 are more
abundant in nature thanU235.More plutonium can be produced by conversion of U238

that is consumed. The breeding ratio for plutonium in case of fast reactors is higher
than that in case of thermal reactors. U233 production by conversion from Th232, on
the other hand, is possible both in thermal as well as in fast reactors. Thorium (Th232)
has an edge over uranium (U238) as far as utilization of a fertile material is concerned.
Nevertheless, thorium has received much less research attention compared to that
of uranium. Research endeavors on thorium metal and its alloys are even lesser.
Metallic uranium and plutonium have certain disadvantages, e.g. anisotropic crystal
structure, irradiation growth, swelling, unwanted low melting eutectic formation.
On the other hand, thorium has isotropic crystal structure, high melting point and
negligible fission gas swelling, etc. Moreover, utilization of thorium offers added
advantage of inherent proliferation resistance [4].

At present, nearly half of the yearly requirement of uranium is met by uranium
produced (primary source) worldwide while the other half comes from civilian and
nuclear stockpiles (secondary source). By 2025, this secondary source is expected
to cater only 2–6% of the global requirement [4]. It is imperative that we look
around for another source of nuclear fuel to sustain the growth and the importance of
thorium is realized here. However, being a fertile metal thorium alone cannot act as
a fuel for nuclear reactor. It can be used in nuclear reactor in combination with other
fissile nuclides. Thorium metal can be alloyed with a fissile metal, and the alloy can
then act as a fuel having fertile and fissile components together. Natural or enriched
uranium metal, if alloyed with thorium, the resulting alloy can possibly be a candidate
fuel. Thorium–uranium alloy fuel will have (i) at least some of the advantages of
thorium metal (e.g. higher thermal conductivity, isotropic crystal structure, high-
temperature use) over uranium (ii) benefits of metallic fuel and (iii) lesser concern
for proliferation. After all, the biggest advantage of thorium–uranium alloy fuel will
be that it will be serving as fuel as well as source for further fuel generation.
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Research efforts on metallic thorium and its alloys were initiated during
1950–1970. Interest in thorium waned away because of discoveries of new uranium
resources and improvement in its availability. Thorium–uranium alloy fuel has not
been exploredmuch except in few cases [5–8]. Lack of a continuing systematic effort
to define the limitations of these fuels, efforts to define its microstructures that can
result from fabrication and composition variables are prime reasons for this system
not having witnessed much development [9]. Recent work on microstructural and
mechanical characterization of various compositions of Th-U alloy systems attempts
to bridge this gap in research [10–12]. Since our ultimate objective is to find suitable
composition(s) of Th-U alloy for a possible reactor application, thermal properties
need to be assessed alongside the study of microstructural and mechanical behavior.
One of the key thermal properties required for nuclear fuel application is thermal con-
ductivity. Thermal conductivity indicates the level of power density (thermal power
per unit core volume) and specific power (thermal power per unit fuel mass) that
can be achieved in a fuel material. Thermal conductivity also influences power level,
restructuring and transport processes inside the fuel [13]. A prospective candidate
fuel ideally should have higher thermal conductivity compared to that of prevailing
fuel materials. The rise in center-line temperature and an excessive temperature gra-
dient from center to surface in fuel material can be avoided in fuel material with
higher thermal conductivity.

Focused research pertaining to the aspect of thermal conductivity of Th-U alloys
is extremely less. In the present study, room temperature thermal conductivity (λRT)
values of selected Th-U alloys were experimentally determined. Th-U alloys have
been so selected from Th-U phase diagram that they cover the complete composition
range of the phase diagram. Hence, one can select a composition and can reasonably
predict thermal conductivity value for it. Also, an explanation, based on microstruc-
tural characteristics, has been attempted for the observed trend of room temperature
thermal conductivity of Th-U alloys. An empirical correlation between room tem-
perature thermal conductivity and alloy composition has also been proposed.

2 Experimental

Thorium metal used in this study was produced by calciothermic reduction of thoria
(ThO2). However, this reduction reaction produces thorium powder which, in the
present case, was pressed into small pellets and melted in non-consumable arc in
inert atmosphere. The arc-melted fingers were used as stock thoriummetal. Uranium
was used in the form of slugs (12 mm diameter, ~10 mm height). Required amounts
of thorium and uranium were arc melted to produce thorium–uranium alloys of
desired compositions. Thorium and thorium–uranium alloy fingers were jacketed
inside copper tube in inert atmosphere and hot rolled at 850 °C using a small hand
operated rolling set-up. Rolled metal and alloys were then de-jacketed and polished
on all sides. Two identical square slabs of length ~25 mm and thickness~1.5 mm
were required for each composition. Specimens of required dimensionwere prepared
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using low-speed cut-off machine fitted with SiC cutting wheel. Details of thorium
powder, its processing, purity, alloy compositions, characterizations of metal/alloy,
etc., have been dealt elsewhere [11].

Thermal conductivity of metal and alloys at room temperature was determined
by Transient Plane Source (TPS) technique using slab sample geometry [14–16]. A
sheet of material with a definite thickness is referred to as slab. The samples were
polished to ensure good thermal contact with the TPS sensor and to minimize con-
tact resistance at its surface. Nickel spiral sensor (radius 3.189 mm) with Kapton
insulation was placed between two slab samples. The TPS unit was calibrated using
Inconel 600 standard sample. TPS technique works on a specially designed Wheat-
stone bridge with TPS sensor as one of the arms. A Keithley 2400 source meter
supplies a constant voltage across the bridge. The bridge is balanced automatically
before the measurement. It becomes increasingly unbalanced with the increase in
resistance of the sensor. A Keithley 2000 digital voltmeter fitted with a scanner or
multiplex card, records the unbalanced voltage. Using these recorded voltages, it is
possible to determine the increase in temperature of the sensor and consequently
thermal conductivity of the sample. Similar experiments were also carried out with
pure uranium and thorium metal slabs to compare the thermal conductivity data.

3 Results and Discussion

In the past, Th-U alloy system has been explored only to a limited extent. As a
consequence, published information on microstructural features of Th-U alloys and
its influence on various physical properties are also scarce. Systematic study on
microstructural features of various Th-U alloy compositions has been made recently
[10–12]. Thermal conductivity of a binary alloy of two actinides is a complex subject.
Here, we have also attempted to establish a simple correlation of room temperature
thermal conductivity with the gross microstructural features of Th-U alloys. Hence,
it would be prudent to discuss microstructural features of various Th-U alloy com-
positions preceding the discussion on its thermal conductivity.

3.1 Microstructural Features

Th-U phase diagram [17] indicates that these two metals have very limited mutual
solid solubility. Hence, resultant microstructures are mostly biphasic. Details of
investigation on as-cast microstructures have been dealt elsewhere [11]. For the
present purpose, only basic features of such microstructures will be discussed. Here-
after, Th-x wt% U alloy will be described as Th-xU throughout the paper. Th-U
alloys are divided into three categories for ease of discussion, viz. (i) high thorium,
(ii) intermediate and (iii) high uranium Th-U alloys. High thorium represents Th-3U
and Th-7U while high uranium represents Th-80U and Th-96U alloys. The interme-
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Fig. 1 a Transmission electron micrograph of microstructure of Th-3U alloy. Optical micrographs
of various Th-U alloys, hot rolled at 850 °C; bTh-7U, c Th-30U, d Th-52U, e Th-80U and f Th-96U

diate compositions correspond to Th-30U and Th-52U and represent purely biphasic
microstructures. Representative microstructures are presented in Fig. 1.

High thorium alloys are basically continuous matrix of thorium having some
dispersion like presence of uranium in it. In Th-3U, optical microscopy cannot reveal
the presence of uranium. Transmission electron microscopy was used to capture
spheroid like shapes (Fig. 1a) of uranium in thorium-richmatrix. These spheroids are
typically 50–70 nm in size. The overall microstructure resembles natural dispersion
of uranium spheroids in thorium-rich matrix. Alloy microstructure of Th-3U and its
various other aspects have been dealt elsewhere elaborately [10]. The microstructure
of Th-7U (Fig. 1b) has two types of uranium shapes in thorium-rich matrix, viz. (i)
irregular-shaped islands (2–5 µm) and (ii) spheroids/ellipsoids of uranium.

The intermediate compositions (Th-30U, Th-52U) produce quite different
microstructures. Well-developed and obvious grain structures with uranium present
in the grain boundaries typify the microstructures of these alloys. Essentially, these
microstructures consist of interpenetrating, continuous and fully developed networks
of uranium and thorium-rich phases. It is expected that heat flow will face alternate
networks of two different phases having different thermal conductivity.

Themicrostructures (Fig. 1e, f) of high uranium Th-U alloy composition are com-
posed of (majority) uranium and small amount of thorium. Thorium-rich dendrites
are distributed in uranium-rich matrix in Th-80U alloy (Fig. 1e). These dendrites
typically look like herringbone. Th-96U is eutectic composition, and hence, eutectic
reaction product occupiesmajor portion of themicrostructure. However, fine eutectic
product can be observed in higher magnification [11]. Thorium is present here as
un-connected dendrites which are dispersed throughout the uranium matrix. Higher
thermal conductivity of thorium, hence, does not help in obtaining higher thermal
conductivity of the alloy. The thermal conductivity of the high uranium alloys, hence,
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Fig. 2 Room temperature thermal conductivity values of Th-U alloys are shown against uranium
content. Model fitted to the experimental data is also shown in the figure. Room temperature ther-
mal conductivity of few oxide, non-oxide ceramic and alloy fuel candidates are also provided for
comparison

is dominated by that of uranium. It can be viewed as if the thermal conductivity of
uranium is decreasing, albeit very gently, with increasing addition of thorium.

3.2 Thermal Conductivity

Experimentally determined thermal conductivity values are plotted against the ura-
nium content (wt%) in Fig. 2. Room temperature thermal conductivity values of
many fuel materials are also shown in the graph for ease of comparison. It can be
seen that thermal conductivity values are decreasingwith increase in uranium content
up to ~50 wt%U. There is a steep decrease in the thermal conductivity of thorium on
small addition of uranium (<7 wt% U). Least among the experimentally determined
thermal conductivity values of the selected alloy compositions were observed in Th-
52U. With further addition of uranium, thermal conductivity increases with increase
in uranium content. However, the increment is not very sharp and rather gentle.

The room temperature thermal conductivity (λRT) of high thorium alloys is
expected to be close to that of unalloyed thorium as presence of uranium and its con-
tribution are insignificant. Similarly, λRT of high uranium Th-U alloys will be more
influenced by the presence of large amount of uranium-rich phase in the microstrc-
ture. The overall trend finds similarity with the results in other alloys and compounds
used in nuclear context. In U-Zr system, lowest thermal conductivity is observed at
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~70 at.% Zr addition, and it is attributed to δ-phase formation [18]. However, in
Th-U system existence of a similar phase formation is not reported in the literature.
In as-cast as well as in hot-rolled microstructures of Th-52U, two fully developed
networks of thorium and uranium are seen. Volume occupancy of thorium and ura-
nium in Th-52U alloy composition is ~0.4 and ~0.6 for uranium (ρ � ~19.1 g cc−1)
and thorium (ρ � ~11.6 g cc−1), respectively. A rule-of-mixture estimate predicts
the thermal conductivity to be~32 W m−1 oC−1 against experimentally determined
value of~26 W m−1 oC−1. At the cross section of this alloy specimen, area fractions
occupied by two phases will be numerically same to their respective volume frac-
tions. However, heat will not be conducted between two opposite faces, by any of
these two phases, in a straightforwardmanner. The networks are woven and interpen-
etrating type. Heat flowwill be interfered at every interface it comes across. The flow
of any physical quantity, if hindered at interfaces inside the material, suffers some
kind of scatter and losses. Uranium-rich and thorium-rich networks have different
thermal conductivities. It is expected that heat flow gets substantially interrupted at
the interfaces of two materials having alternately high and low thermal conductivi-
ties. The material having lower value will control the heat flow to the next interface.
A biphasic alloy having such a configuration is expected to have lower values of
thermal conductivity. This can possibly explain the observation at macroscale.

3.3 Schematic Presentation of Microstructure and Empirical
Correlation

A schematic presented below (Fig. 3) can help us visualize the above conditions
in the microstructures. Thorium metal in unalloyed condition serves as continuous
matrix (Fig. 3a). If heat is applied to one surface, it transmits through the continuous
path to reach the opposite surface in a unidirectional flow. When uranium is added to
thorium and the former is present as a second phase with lower thermal conductivity
(Figs. 1a, b, 3b), situation is no more the same as before. The heat flow has to
encounter the second phase having lower thermal conductivity. Overall, thermal
conductivity will be reduced because of unavailability of the continuous thorium
matrix. Every interface created because of the presence of uranium particle or islands
will hinder and reduce the flow of heat which in turn will reduce the overall thermal
conductivity. Spheroids of uranium will create an interfacial region which will be
equal to their surface area. Hence, spheroids will reduce the heat flow in proportion to
their total surface area. Islands too will influence similarly. With increasing addition
of uranium, formation of continuous network of uranium is favoured (Figs. 1c, d, 3c).
The flowof heat is hinderedmaximum in the alloy havingmaximum interfaces inside.
Toward high uranium side of the phase diagram, the microstructures are occupied
more by uranium-rich phase, and hence, the overall thermal conductivity of alloy is
more influenced by that of uranium (Figs. 1e, f, 3d). However, the interface created
by the presence of thorium still hinders the heat flow in a similar manner till the
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Fig. 3 A simple schematic is presented to explain the relation of thermal conductivity of Th-
U alloys and its microstructural features. Microstructural features are represented as follows: a
unalloyed thorium, b high thorium Th-U alloys, c Th-52U alloy, d high uranium Th-U alloys and
e unalloyed uranium

microstructure is fully occupied by uranium for unalloyed uranium (Fig. 3e). The
nature of decrease in the experimental values with weight percentage of uranium (x)
is that of a natural logarithm.

Research works related to assessment of thermal conductivity in two component
heterogeneous systems [19], steels [20], uranium dioxide using molecular dynamics
[21], dispersion fuel [22] are available. Not much information, except that reported
by Bentle [6], on variation in thermal conductivity with composition of Th-U alloys
is available. Prediction of effective thermal conductivity in metallic alloys and com-
posites is a complex subject and involves many microscopic as well as macroscopic
phenomena [23–25]. A large number of empirical relations are available based on
simplified models to deal with presence of second phase, impurities, grain size and
size distribution, grain orientation, shape and size of second phase, dispersions, etc.
Effectivemedium theorywas developed to deal with such approximations of physical
properties of heterogeneous bodies through combination of homogeneous isotropic
phases [26]. Rigorous analysis and prediction is not in the scope of this paper. How-
ever, in the absence of complete lack of information on this alloy system, an effort has
been made to relate thermal conductivity with its composition and microstructural
feature.

Nechtelberger [27] has related change in thermal conductivity of ferrite (λ) in cast
iron with that of pure iron (λo) and concentration of solutes present in the material
using the expression shown below.

λ � λo − ln
∑

x

where x is solute concentration expressed in wt%.
We draw a similarity from the above expression in the present proposed model to

corelate experimentally determined room temperature thermal conductivity values of
Th-U alloys with its microstructural features. In line with the preceding discussion
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based on the schematic, the proposed model to simulate the physical phenomena
inside the alloy is proposed to have a form as below.

λAlloy � λTh − A∗ ln(x)

where λAlloy is overall thermal conductivity of alloy, the term A is associated with
interfacial area, λTh is thermal conductivity of thorium and x is weight percent of
uranium in the alloy. The model fitted in the experimental data represents the trend
seen and has the data scatter on both the sides of the fitted curve (Fig. 2).

Thermal conductivity values of Th-U alloys containing 3, 5, 8, 10, 12, 18 and
20 wt% U, in the temperature range 20–1000 °C, are calculated [5]. In this, it was
shown that addition of uranium has resulted in decreases in thermal conductivity of
thorium. For all the alloys up to Th-20 wt% U, thermal conductivity values have
increased with temperature. However, no information is available for Th-U alloys
containing more than 20 wt% U.

4 Summary and Conclusions

• Room temperature thermal conductivity of thorium decreases with addition of
uranium up to ~50 wt% U.

• Least value was observed in Th-52U having interpenetrating, interwoven, contin-
uous networks of thorium and uranium-rich phases.

• Room temperature thermal conductivity
(
λRT,T h−Ualloy

)
remains nearly similar to

that of unalloyed uranium beyond ~50 wt% uranium in Th-U alloys.
• The room temperature thermal conductivity of thorium-rich Th-U alloys remains
higher than most of the metallic fuels.

High thorium Th-U alloys, with its dispersion like microstructure and fairly high
overall room temperature thermal conductivity, can be considered for specific appli-
cations requiring dispersion type fuel material. The thorium-rich continuous phase
will serve as a conducting matrix to transfer the heat fast away from the fission
occurring in the uranium spheroids. However, final application depends on many
other criteria including processing, fabrication, in-pile performance, reprocessing
aspects.
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Thermo-physical Properties of ThC
and ThN from First Principles

Vinayak Mishra and Shashank Chaturvedi

Abstract Thorium carbide and nitride are potential candidates for their use as fuel
materials in fast breeder reactors. Therefore, knowledge of their thermo-physical
properties at high temperatures is necessary. In this paper, we present results of
the first-principle calculations of properties such as specific heat, volume and bulk
modulus at high temperatures. The all-electron FPLAPWmethod has been used with
LDA, GGA, LDA+U and GGA+U exchange–correlation potentials for performing
these calculations. It has been found that GGA gives the most accurate ground state
properties such as lattice constant, bulk modulus and pressure derivative of the bulk
modulus. Therefore, first principles results obtained from GGA calculations have
been combinedwith quasi-harmonic approximations to calculate the thermo-physical
properties. Calculated thermo-physical properties are in reasonably good agreement
with published experimental results.

Keywords Thorium carbide · Thorium nitride · Specific heat
High-temperature bulk modulus · FPLAPW

1 Introduction

The carbides and nitrides of thorium possess outstanding physical properties such
as high melting point, high thermal conductivity, high density and good compati-
bility with the coolant (liquid Na) [1, 2]. Therefore, these materials are potential
candidates for their utilization in fast breeder reactors. In order to use these materials
as advanced fuels, it is very important to know their thermo-physical properties at
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high temperatures, which are required for modelling fuel pin behaviour. Only a few
authors have attempted theoretical studies of thermo-physical properties of these
materials at high temperature. Their studies of these properties are based either on
pseudo-potentials or on molecular dynamics with empirical potentials. In the present
work, we report results of a few useful properties of ThN and ThC, calculated from
all-electron FPLAPW+QHA method.

2 Computational Details

The calculations have beenperformedwithin the frameworkof density functional the-
ory employing full-potential linearized augmented plane wave (FPLAPW) method,
as implemented in the WIEN 2k code [3]. Exchange–correlation potentials based on
LDA and GGA both have been used. Perdew–Wang parameterization [4] of LDA
and Perdew–Burke–Ernzerhof parameterization [5] of GGA have been used. The
basis function is expanded up to RMT Kmax �9, where RMT is the muffin tin radius
and Kmax is the plane wave cut-off parameter. The RMT values were selected as 2.2
for Th and 1.6 for C and N. The self-consistent cycles were run until the energy
convergence criterion of 10−5 Ry was reached, and 5000 k-points were taken in the
calculations.

Thermal effects have been included using quasi-harmonic approximation. The (p,
T ) equilibrium states are obtained byminimizing Gibbs free energy (G), with respect
to V. where G can be expressed as

G(V ; p, T ) � E(V) + pV + Avib(Θ(V); T ) (1)

The contribution Avib can be calculated by using quasi-harmonic Debye model.

Avib(Θ(V); T ) � nkT
[
9Θ/8T + 3 ln

(
1 − e(−Θ/T )) − D(Θ/T )

]
(2)

where n is the number of atoms per formula unit, k is the Boltzmann’s constant, � is
the Debye temperature, andD(�/T ) is the Debye integral. Once the equilibrium state
for a given (p, T ) has been obtained, then the required thermodynamic properties can
be determined by using the corresponding volume in the appropriate thermodynamic
equations.
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3 Results and Discussion

3.1 Ground State Properties Using LDA, GGA, LDA+U
and GGA+U

We first performed calculations of the total energy as a function of volume using the
FPLAPW method. Next, we fitted the calculated E-V data with Birch–Murnaghan
equation of state, in order to obtain lattice constant (a), bulkmodulus (B) and pressure
derivative of the bulk modulus (BP) at the ground state. The results of lattice constant
a, bulk modulus B and pressure derivative of the bulk modulus BP for ThN are
shown in Figs. 1, 2. The experimental values of these ground state properties are
also shown for the comparison. In Figs. 1 and 2, the results for U�0.0 eV are the
results corresponding to pure LDA/GGA calculations. The importance of the results
for nonzero values of U is described in the subsequent paragraphs of this section. As
can be seen in the figures (Figs. 1, 2), in the case of ThN, a, B and BP results obtained
from the BM fitting of our GGA (LDA) calculations are 5.178 (5.1055) A, 174.6
(200.2) GPa and 4.11 (3.32), respectively (for U�0.0). The experimental results of
these properties taken from the literature [6, 7] are: a �5.16 A, B �175 GPa and
BP �4.0. In the case of ThC, our GGA (LDA) calculations predict the a, B and BP

as 5.355 (5.268) A, 131.9 (141.4) GPa and 3.0 (2.8), respectively. The published
experimental results, a and B of ThC, are 5.344 A and 125 GPa, respectively [1].
Thus, LDA tends to over-bind; as a result, LDA lattice constants are too small and
bulk moduli are too large. Though GGA over-corrects the lattice constant, the GGA
results are in better agreement as compared to LDA.

In order to check whether the results could be further improved by adding the
extra orbital-dependent onsite Coulomb repulsion, we have performed LDA+U and
GGA+U calculations for the ground state properties of these materials. Here, U is
the Hubbard parameter. It is well known that LDA+U/GGA+U calculations improve
the results in the case of actinides and their compounds for which conventional first-
principle exchange–correlation potentials LDA and GGA fail to predict accurate
physical properties. However, LDA+U/GGA+U calculations are not fully first prin-
ciples as one needs to tune the Hubbard parameter, U parameter. The tuned values of
U for other actinides (e.g. uranium and plutonium) are reported to be approximately
4–5 eV in the literature. Therefore, for these thorium compounds also, we have varied
the U value from 0.5 to 5.0 eV in the steps of 0.5 eV and have calculated the lattice
constant, bulk modulus and pressure derivative of the bulk modulus. Although we
have done these calculations for both materials, we have shown the results only for
ThN as the trends of the results for ThC were similar.

We can see in Fig. 1 that similar to LDA/GGA calculations, LDA+U underes-
timates the lattice constant with respect to the experiment due to the over-binding
of the compound and GGA+U overestimates due to the under-binding. Even after
tuning the Hubbard U parameter ‘ON’, the same trend is maintained. In both
cases LDA+U/GGA+U, the calculated lattice constant monotonically increases with
increasing U parameter. The GGA lattice constant (without U) was already slightly
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Fig. 1 Lattice constant of ThN as a function of Hubbard parameter U with LDA+U and GGA+U
calculations. Unit of lattice constant is angstrom. Experimental result has been taken from Ref. [6]

larger than the experimental lattice constant, and the inclusion of extra Coulomb
potential makes it even more large. Hence, GGA+U calculations do not improve
the lattice constants. The equilibrium volumes per formula unit (V), calculated with
LDA+U/GGA+U, should show similar trends; therefore, V versus U results are not
shown.

Lattice constant calculated with LDA+U approaches nearer to the experimen-
tal lattice constant with increasing U. However, as can be seen in Fig. 2, the bulk
modulus calculated using LDA+U increases with increasing U, which was already
(with U�0 eV or pure LDA calculations) much larger than the experimental bulk
modulus. Previously mentioned over-binding effect can be seen in the results of
the bulk modulus also in Fig. 2 as the LDA+U bulk modulus is always larger than
the GGA+U results. Hence, though LDA+U improve the lattice constant, it fails to
improve the bulk modulus. GGA+U bulk modulus does not show any definite trend
with increasing U, and it always remains near to the experimental value. But we
have already seen that GGA+U failed in the correct prediction of the lattice constant.
Similarly, we can see in Fig. 3 that the LDA+U and GGA+U both fail to make any
improvement in the results of the pressure derivative of the bulk modulus. Hence,
LDA+U/GGA+U calculations do not make any improvement in the ground state
properties of ThN. LDA+U and GGA+U are used to handle the strong correlation of
f electrons. However in thorium, the 4f electrons belong to the core and 5f electrons
do not contribute to chemical bonding. Due to these reasons, GGA is sufficient for
handling the correlation effects and extra ‘U’ term is not required. Therefore, in our
subsequent calculations we have used GGA for the exchange and correlation.
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Fig. 2 a Bulk modulus of ThN as a function of Hubbard parameter U with LDA+U and GGA+U
calculations. Experimental result has been taken from Ref. [7], and b derivative of the bulk modulus
of ThN as a function of Hubbard parameter Uwith LDA+U andGGA+U calculations. Experimental
result has been taken from Ref. [7]

3.2 Pressure-Induced Phase Transformation

The materials with B1 phase can transform to B2 phase on applying pressure. Such
transformations may restrict the use of the materials as they lead to a sudden change
in the material properties. In order to test the stability of the B1 phase of ThC and
ThN in the compression and expansion, we have calculated the volume-dependent
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Fig. 3 a Comparison of total energies of B1 and B2 phases of ThC. B1 phase is stable near normal
density and in the expansion. B2 phase becomes stable at compression and b comparison of total
energies of B1 and B2 phases of ThC and ThN. B1 phase is stable near normal density and in the
expansion. B2 phase becomes stable at compression

total energies of their B2 phase also. The total energies of these two structures have
been compared in Fig. 3. We can see that at equilibrium and expanded volumes the
B1 phase of both material is stable. However, at compressed volumes, 28.4 A3 for
ThC and 25.1 A3 for ThN, the total energy of B2 phase becomes smaller than the total
energy of their B1 phase. This indicates a phase transformation on compressions up
to these volumes.

In order to find pressures at which this B1–B2 phase transition takes place, we
have compared their Gibbs free energies at various pressures. The Gibbs free energy
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versus P curves of these materials shows that for ThC this transition takes place at
42 GPa and for ThN this transition takes place at 75.5 GPa. Hence, these materials
can be used without any problem up to these pressures.

3.3 Volume, Bulk Modulus and Specific Heats at High
Temperatures

As these materials are used at very high temperatures, it is necessary to understand
the high-temperature behaviour of the bulk modulus of these materials. Equilibrium
volumes are obtained for each (p − T ) by minimizing the Gibbs free energy as
described in the section computational details. Using the (p − V) points for each T
in the following formula, one can calculate the bulk modulus at high temperatures.

BT � −V

(
∂p

∂V

)

T

(3)

The evolution of the volume per formula unit of ThC and ThN with temperature
is reported in Fig. 4 for zero pressure. We can observe in Fig. 4 that the volume per
formula unit increases with temperature, as expected.

The temperature evolution of the bulk modulus has also been shown in the bottom
part of Fig. 5. Bulk modulus decreases with the temperature. We have fitted the
temperature evolution of the bulk modulus with the Wachtmann formula [8]:

BT � B0 − b1T e(−T0/T ) (4)

whereB0 is the bulkmodulus at absolute zero, T is the temperature, and b1 and T 0 are
fitting parameters. At very high temperature, the temperature dependence becomes
linear according to this formula which is consistent with the obtained bulk modulus
versus temperature data. We can see that the fitting is excellent for ThC. For ThN,
the fitting is slightly deviated. The fitting parameters are b1 �0.0154 GPa/K, T 0

�118.1 K for ThC and b1 �0.0363 Gpa/K, T 0 �46.5 K for ThN. Temperature-
dependent bulk modulus is not available in the literature; therefore, our results can
serve as a prediction.

Heat capacityCp is important as it is one of the thermodynamic functions. Also, it
is essential for the calculation of thermal conductivity from thermal diffusivity. The
heat capacity (Cp) can be calculated by using the following equation

Cp � CV(1 + αγ T ) (5)

Here, α is the thermal expansion coefficient, γ is the Gruneisen parameter, and
CV is the specific heat at constant volume which can be calculated by using the
following formula
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Fig. 4 a Variation of volume per formula unit of ThC with temperature and b variation of volume
per formula unit of ThN with temperature

CV � 3nk

[
4D(Θ/T ) − 3(Θ/T )

e(Θ/T ) − 1

]
(6)

Figure 6 shows the calculated specific heats at constant pressure and volume,
respectively, for zero pressure. The temperature dependence of CV and Cp follows a
T 3 law at low temperatures. As is usual, CV tends to the 3R limit for higher values of
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Fig. 5 aVariation of the bulkmodulus of ThCwith temperature and b variation of the bulkmodulus
of ThN with temperature

T, where R is the gas constant. For the temperatures larger than 300 K, Cp shows a
nearly linear dependence with temperature. Our calculated values are compared with
the experimental data from [9–11]. We can see reasonably good agreement between
the calculated and experimental results.
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Fig. 6 aCp, andCV results of ThC are from present calculations, and experimental results are from
Danan [9]; b Cp, and CV results of ThN are from present calculations, and experimental results are
from Samsonov and Vanitskii [10], GTT-data [11]

4 Conclusion

In summary, we have performed first-principle calculations of the ground state prop-
erties such as a,B andBP, of ThC and ThN, using LDA, GGA, LDA+U andGGA+U.
We have found that GGA gives more accurate ground state properties. LDA+U and
GGA+U do not make any improvements in the results. Therefore, for calculations of
other properties we have used only GGA. We have also tested the energetic stability
of the B1 phase, which is the ground state phase of both compounds, as compared
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to their B2 phase, and have found that at high pressure B2 phase becomes stable.
The phase transition pressures are 42 and 75.5 GPa for ThC and ThN, respectively.
We have also calculated the temperature-dependent thermo-physical properties such
as volume, bulk modulus and specific heats. Our results of specific heat Cp are in
reasonably good agreement with the available experimental data.
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Irradiation Behaviour of Thoria-Based
Fuels
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and J. L. Singh

Abstract Different aspects of thorium fuel cycle have been studied for the devel-
opment of thorium fuel-based Advanced Heavy Water Reactor (AHWR) in India. In
order to study the irradiation performance of thoria-based mixed oxide (MOX) fuels,
short-length fuel pins assembled in two types of fuel clusters were irradiated in the
pressurized water loop (PWL) of CIRUS reactor. Post irradiation examination (PIE)
of the fuel pins from the two fuel clusters was carried out at the hot cells facility of
BARC.Non-destructive examinations of the fuel pins from the cluster included visual
examination, leak testing, fuel pin diameter measurement, ultrasonic testing, eddy
current testing, gamma scanning and gamma spectrometry. Destructive examina-
tions included fission gas analysis and microstructural examination. Microstructural
characterization on the fuel samples was carried out using optical microscopy, scan-
ning electron microscopy, β-γ autoradiography and α-autoradiography techniques.
Results of PIE show good performance of the fuel up to 18.5 GWd/t(HM) burn-up
under irradiation. This paper presents the salient observations of the examinations
carried out on the pins of the fuel clusters.

Keywords Thoria ·Mixed oxide fuel · Post irradiation examination
Microstructure · Burn-up

1 Introduction

India has about four times more thorium resources than uranium. Utilization of tho-
rium for large-scale energy production is a major goal in our three-stage nuclear
power programme [1, 2]. In order to study the irradiation performance of thoria-
basedMOX fuels, short-length fuel pins assembled in two types of fuel clusters were
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irradiated in the PWL of CIRUS reactor. The two fuel clusters were designated AC-6
and BC-8. Five fuel pins containing (Th-4%Pu)O2-sintered fuel pellets, encapsu-
lated in a free-standing Zircaloy-2 cladding tube, were arranged in the AC-6 cluster
and were irradiated to a peak fuel burn-up of 18.5 GWd/t(HM). The BC-8 cluster
comprised of fuel pins containing UO2, ThO2, (Th-6.75%Pu)O2 and (U-3%Pu)O2

pellets encapsulated in collapsible, graphite-coated Zircaloy-2 cladding. The average
burn-up of this fuel cluster was 4.5 GWd/t(HM), and the peak burn-up of the highest
rated fuel pin of the cluster was 10.8 GWd/t(HM). Post irradiation examination of
the thoria-based fuel clusters was carried at the PIED hot cells using various non-
destructive and destructive techniques to assess the performance of the fuel. The
results of these examinations have been reported earlier in detail by Prerna et al.
[3, 4], and result of similar work carried out on thoria-based MOX fuels in other
countries has been reported by different authors [5–7].

2 Fuel Cluster Details

2.1 AC-6 Fuel Cluster

The AC-6 fuel cluster consisted of five short-length fuel pins containing (Th-
4%Pu)O2 fuel pellets and one helium filled pin assembled in a circular geometry
for experimental irradiation. The fuel pellets were encapsulated in free-standing
Zircaloy-2 clad tubes sealed at either ends with end plugs using tungsten inert gas
welding (TIG). Helium was used as the filler gas in all the fuel pins. The schematic
diagram of a single fuel pin is shown in Fig. 1. Table 1 provides further details of the
fuel pins of the cluster.

Top end plug
Zircaloy 

pellet

Plenum 
spring

Fuel pellet
Zircaloy-2

clad

UO2
Insulating 

pellet Bottom end 
plug Wafer

487.5 +1.5mm

Fig. 1 Schematic illustration of a typical experimental MOX fuel pin of AC-6 cluster



Irradiation Behaviour of Thoria-Based Fuels 301

Table 1 Details of the thoria-based MOX fuel pins in the clusters

Cluster AC-6 BC-8

Clad type Free standing Collapsible

Number of pins 6 (5 nos. Th–Pu MOX) 12 (2 nos. Th–Pu MOX)

PuO2 content 4% 6.75%

Pellet diameter, mm 12.22 14.3

Pellet length, mm 12.0 13.9

Pellet density, % TD 92–94% 94.6

Cladding outer wall diameter, mm 14.2 15.26

Cladding wall thickness, mm 0.8 0.38

Cold plenum length, mm 20 nil

Top end plug                           Bottom end plug

496 mm

Fuel pellet
Cladding

Fig. 2 Schematic diagram of a typical fuel pin of the BC-8 cluster

2.2 BC-8 Fuel Cluster

Twelve fuel pins with collapsible cladding and fuel pellets of different chemical
compositions were assembled in a two-tier cluster. The tier 1 had three pairs of fuel
pins, with one pair each of natural UO2 pellets, (U-3%Pu)O2 and (Th-6.75%Pu)O2.
Fuel pins of similar composition were placed on diametrically opposite ends of the
cluster. The tier 2 consisted of six fuel pins containing ThO2 pellets. The fuel pellets
were encapsulated in graphite-coated Zircaloy-2 cladding, which is hermetically
sealed with end plugs using resistance welding. Helium was used as the filler gas in
all the fuel pins. Table 1 provides few more details of the fuel pins of the cluster. The
schematic of a typical thoria MOX fuel pin from BC-8 cluster is shown in Fig. 2.

3 Irradiation Details

The experimental fuel pin clusters were irradiated in the PWL of CIRUS research
reactor. The thermal neutron flux, the temperature and pressure of the coolant in
the loop were 5 × 1013 n/cm2/s, 240 °C and 105 kg/cm2, respectively. The linear
heat rating of the fuel pins was in the range 35–42 kW/m. The AC-6 fuel cluster
was irradiated up to a calculated fuel burn-up of 18.5 GWd/t(HM). The BC-8 fuel
cluster was irradiated up to a calculated average fuel burn-up of 4.5 GWd/t(HM).
The burn-up of the peak-rated fuel pin was calculated to be 10.8 GWd/t(HM).
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Fig. 3 As-received AC-6 fuel cluster inside the hot cell

Fig. 4 Periscopic view of
the two tiers of fuel pins in
the BC-8 fuel cluster

4 Post Irradiation Examination

Post irradiation examination of the fuel pins from the two fuel clusters was car-
ried out at hot cells facility of BARC. After preliminary examination of the fuel
cluster, dismantling of the fuel pins was carried out. Various non-destructive and
destructive techniques were used for examination of the fuel pins inside the hot cells
using master–slave manipulators and remotized equipments. The non-destructive
techniques included visual examination, leak testing, fuel pin diameter measure-
ment, ultrasonic testing, eddy current testing, gamma scanning and gamma spec-
trometry. Destructive examination included fission gas analysis and microstructural
examination. Microstructural characterization on the fuel samples was carried out
using optical microscopy, scanning electron microscopy, β-γ autoradiography and
α-autoradiography techniques.

5 Pie Results

5.1 Visual Examination

Visual examination was carried out on the fuel clusters as well as individual pins of
the cluster using a wall-mounted periscope. Figures 3 and 4 show the photograph
of the fuel clusters inside the hot cell. No abnormality, discoloration of the cladding
surface or defect of any type was visible on the surface of the cladding of the fuel
pins.
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5.2 Diameter Measurement

Diameter of the fuel pins of both the fuel clusters was measured using a remotely
operated dial gauge. The diameter of the fuel pins from AC-6 cluster was found to
be within the manufacturing tolerances, indicating negligible dimensional change
during irradiation. Diameter measurements on the fuel pins of BC-8 cluster showed
a reduction in the diameter as compared to their as-fabricated diameter. Reduction
in diameter of ~0.1 and ~0.15 mm was observed in ThO2 and (Th-6.75% Pu)O2 fuel
pins, respectively.

5.3 Leak Testing

Leak testing was carried out on the fuel pins of the two clusters in the hot cell using
liquid nitrogen and alcohol leak test method. Each fuel pin was immersed in liquid
nitrogen for 5–7min; subsequently, the fuel pinwas transferred into a tank containing
alcohol. No leaks could be detected, indicating that all the fuel pins were intact.

5.4 Ultrasonic Testing

Ultrasonic testing (UT) was carried out using two 10 MHz line-focused immersion
probes fitted at 27° in the probe carriage for detection of axial and circumferential
defects. Multichannel ultrasonic flaw detector was used for slow helical scan com-
bining axial probe translation and rotation of the fuel pin. The cladding of the fuel
pins from both the clusters did not show presence of defect in the cladding.

5.5 Eddy Current Testing

Eddy current testing (ECT) was carried out on the fuel pins of the AC-6 cluster. ECT
of the fuel pins revealed the presence of a defect in the cladding of the fuel pin, TH-
2. The eddy current signals obtained from the defect location of the fuel pin TH-2
is shown in Fig. 5. This tight cladding defect probably got resealed, subsequently;
hence, it was not detected during the leak testing of the fuel pin.
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Fig. 5 ECT signal from
defect location of fuel pin
TH-2

DefectPlenum spring

Length of the fuel pin
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Fig. 6 Typical gamma-ray spectrum of (Th–Pu)O2 fuel pin of a AC-6 cluster and b BC-8 cluster

5.6 Gamma Spectrometry and Gamma Scanning

A liquid nitrogen-cooled HP Ge detector and a PC-based multichannel analyser
(MCA) were used for gamma spectroscopy and isotopic gamma scanning. The
gamma-ray spectrum obtained from the thoria-based fuel pins of the two clusters
showed peaks of Cs137, Cs134, Co60 and Tl208. Figure 6a, b shows a typical gamma-
ray spectrum from a fuel pin of AC-6 cluster and BC-8 cluster, respectively.

Gamma scanning over the length of the fuel pins of AC-6 cluster showed higher
counts of Cs-137 near the top and bottom portion of the fuel pins probably due to
migration of Cs to these locations which are relatively cooler. Figure 7a illustrates
the scans for three fuel pins of the AC-6 cluster. Significant variation in the Cs137

activity was observed in the thoria MOX fuel pins of BC-8 cluster as a function of
axial position in the reactor as shown in Fig. 7b. The Cs137 counts of these fuel pins
were found to increase towards the reactor centre and follow the flux profile in the
reactor.
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Fig. 7 a Gamma scan of fuel pins from AC-6 cluster and b gamma scan of (Th-6.75% Pu)O2 fuel
pins from BC-8 cluster

Table 2 Results of fission gas release measurements in fuel pins from AC-6 and BC-8 clusters

Pin Nos. Fuel composition Internal pressure at RT
(atm)

% FGR

AC-6 cluster

TH-4 (Th-4%Pu)O2 4.4 0.6

TH-5 (Th-4%Pu)O2 3 0.4

TH-2 (Th-4%Pu)O2 No fission gas in the pin

BC-8 cluster

P-01 (Th-6.75% Pu)O2 2.87 0.35

P-02 (Th-6.75% Pu)O2 1.52 0.54

5.7 Fuel Pin Puncturing and Fission Gas Analysis

Fuel pins were punctured for the measurement of the amount of released fission
gases. The volume of the released fission gases and the void volume in the fuel pin
were measured to arrive at the pressure of the gas inside the fuel pin. A dual-column
gas chromatograph and a quadrupole mass spectrometer were used to analyse the
chemical composition and isotopic composition, respectively, of the collected gases.

Fission gas analysis was carried out on three fuel pins, TH-2, TH-4 and TH-5, of
AC-6 cluster, and the results are given in Table 2. The fuel pin TH-2 did not show
presence of fission gas inside the pin indicating defect in the cladding as indicated
by the eddy current test. The fission gas release in other fuel pins was found to be
less than 1%. The results of fission gas release measurement in the thoria MOX fuel
pins of the BC-8 fuel cluster are given in Table 2. The results show very low fission
gas release in the fuel pins.
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Fig. 8 a Photomacrograph, b β-γ autoradiograph and c α-autoradiograph of fuel section from fuel
pin TH-5 of AC-6 cluster

5.8 Metallographic Examination

Metallographic samples from fuel pins of the two fuel clusters were prepared inside
the hot cells and examined using a remotized metallograph. β-γ autoradiography of
the metallographic samples was carried out to study the distribution of the fission
products (mainly Cs) across the fuel cross section. Re-distribution of plutonium in
the fuel cross section was studied by carrying out α-autoradiography.

5.8.1 AC-6 Fuel Cluster

Samples from fuel pins TH-2 and TH-5 were examined. Figure 8a–c shows the
photomacrograph, β-γ autoradiograph and α-autoradiograph of the fuel section from
fuel pin TH-5. Radial cracks were observed in the fuel. No columnar grain formation
or grain growth was observed in the fuel. The β-γ autoradiographs revealed an
asymmetric distribution of β-γ activity across the fuel cross section. Higher activity
(increased darkness indicates higher β-γ activity) was observed in the cracks in the
fuel. The α-autoradiograph of the fuel sections revealed a uniform Pu activity along
the cross section.

Uniform oxide layer was observed on the outer surface of the cladding, whereas
a discontinuous oxide layer was noticed on the inner surface. Average oxide layer
thickness on the outer and inner surfaces of the cladding was 1.3 and 0.9μm, respec-
tively.

Examination of metallographic samples taken from the fuel pin, TH-2, at the
defect location (as detected during eddy current testing) was carried out. Figure 9a,
b shows the photomacrograph and β-γ autoradiograph of a section of the pin near
the defect in the cladding. The cladding defect in the photomacrograph appeared as
cracks on the inner surface of the cladding. A higher β-γ activity (as dark regions)
was noticed in the fuel close to region of defect in the cladding as shown in Fig. 9b.
Detailed examination of the cladding revealed a massive zirconium hydride blister
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Fig. 9 a Photomacrograph of fuel section from TH-2, showing clad defect and b β-γ autoradio-
graph of fuel section from TH-2, c defect region in the cladding of the fuel section from fuel pin
TH-2

on the inner surface of the cladding along with cracks in the cladding as shown in
Fig. 9c. The blister was 2.2 mm in diameter and 0.64 mm in depth. A 150-μm-thick
hydride layer was observed towards the outer surface of the cladding opposite the
hydride blister.

Scanning electron microscopy of fuel

Due to the chemical inertness of thoria, conventional etching techniques to reveal
the fuel microstructure were not suitable. Hence, replicas were prepared from the
fractured pieces of the fuel, and the replicating foil having the impression of the
grains was examined under a scanning electron microscope (SEM).

Figure 10a shows the SEMphotomicrograph of the replica of fuel surface showing
the size and morphology of the grains of fuel from fuel pin TH-5. The average grain
size was found to be 14 μm. A bimodal grain size distribution was observed in few
regions, with larger grains up to 30 μm in size and small grains of 2–5 μm size.
The average grain size in the fuel and the size distribution are similar to that for
the as-fabricated fuel, indicating no grain growth during irradiation. Examination of
the grains sticking on the replica foil showed presence of submicron size fission gas
bubbles on the faces of smaller grains as shown in Fig. 10b.
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Fig. 10 a Impressions of fractured grains on replicating tape and b grain faces of fuel showing fine
fission gas bubbles

Fig. 11 a Photomacrograph of the fuel section from P-02 fuel pin and b replica of fractured piece
of (Th–Pu)O2 fuel

5.8.2 BC-8 Fuel Cluster

Figure 11a shows the photomicrograph of the fuel section taken from the fuel pin,
P-02. Fine radial cracks and white particles were observed in the fuel cross sections
taken from the MOX fuel pins. These particles did not show β-γ activity or α-
activity. The porosity distribution observed in the fuels was comparable to that in the
as-fabricated fuel.

Examination of the replica prepared from the fractured pieces of the (Th–Pu)O2

fuel from pin P-02 was carried out, and Fig. 11b shows the impression of the grains
of the fuel from the centre of the fuel section. The average grain size in the fuel was
observed to be 30 μm, which was similar to the grain size in the as-fabricated fuel.
No grain growth was observed in the fuel section.
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(a) (b)

Fig. 12 a Single grain of the Th–Pu MOX fuel and b face of the grain covered with fission gas
bubbles

Fractured pieces of grains of fuel were sticking to the replicating foil. Surface of
most of the grains did not show any feature. Few of the grains revealed fission gas
bubbles on one of the faces, as shown in Fig. 12a, and the magnified view of the
grain face is shown in Fig. 12b.

Examination of fuel sections did not indicate any interaction between fuel and
cladding in the fuel pins. Lesser and localized corrosion of the cladding on the inner
surface was observed in the (Th–Pu) MOX fuel pins as compared to (U–Pu) MOX
fuel pins of BC-8 cluster. Oxide layer could be seen at a very few locations with
the average thickness 1.2 μm in (Th–Pu) MOX fuel pin, whereas a continuous layer
was observed in the cladding of (U–Pu) MOX fuel pins with the average thickness
being 3.3 μm. Continuous oxide layer was observed on the outer surface of the clad
of all the fuel pins of the cluster as they were exposed to the same coolant during
irradiation. The average oxide layer thickness on the outer surface of the cladding of
the fuel pins was in the range of 1.6–2.5 μm.

6 Discussion

Performance of a fuel is evaluated on the basis of the following parameters:

(i) Dimensional stability,
(ii) Thermal performance and
(iii) Chemical stability during irradiation.

Irradiation performance of thoria-based MOX fuel pins from the two clusters
has been evaluated from PIE results on the basis of the above fuel performance
parameters.
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(i) Dimensional stability

The cladding of the fuel pins of BC-8 cluster was collapsible type, which experienced
creep of the cladding into the fuel clad gap under coolant pressure. Permanent plastic
deformation of the cladding leads to slight reduction in diameter of the fuel pins.
Whereas the cladding of the fuel pins in AC-6 cluster was free-standing type, no
dimensional change in the fuel pins was observed.

Stehle et al. [8] have discussed on the dimensional behaviour of fuel pins, which
is governed by in-reactor volume changes of UO2 due to densification and swelling.
According to Ioan [9], the main contribution to gaseous swelling comes from the
intergranular bubbles. Fuel grains examined from AC-6 cluster showed submicron
size fission gas bubbles on the faces of only a few small grains. This is due to lower
mobility of fission gas atoms at the operating temperature as reported by Sah et al.
[10]. Fuel grain examined from BC-8 cluster revealed fission gas bubbles on one of
the faces. Presence of fission gas bubbles on a face of the grain of (Th–Pu)O2 fuel and
other faces devoid of the bubbles denotes the presence of a plutonium rich region at
that face. High concentrations of plutonium termed as high fission areas in (U–Pu)O2

fuel were also observed by Harrison et al. [11]. Absence of fission gas bubbles at
grain boundaries in the fuel section and observation of fine fission gas bubbles only on
few grains or a surface of a grain indicate absence of swelling in the fuel. Absence of
dimensional changes in the fuel pins is supported by themicrostructural observations
of fission gas bubbles. The observations show dimensional stability of the fuel.

(ii) Thermal performance

Olander [12] has shown that the temperature distribution in a fuel pin influences fuel
performance in two important ways, i.e. high fuel centre temperatures and steep tem-
perature gradients. During PIE, fuel thermal performance is assessed by measuring
the amount of fission gas release, fuel restructuring and fission product distribution
in the fuel.

The main mechanism of fission gas release in oxide fuel is diffusion of gas atoms
and grain boundary sweeping, which in turn depends on the fuel temperature has
been discussed by Sah et al. [10, 13]. Percentage fission gas release in the pins of
both the clusters was estimated to be less than 1%. The low fission gas release in
the fuel pins indicates lower fuel temperature as compared to UO2 leading to lower
diffusion of fission gas atoms.

Extent of restructuring in fuel refers to the alterations in the microstructure of the
fuel due to high fuel centre temperature and steep temperature gradient [12]. Pellet
crack pattern, microstructure, fission product migration in the fuel, etc., depend on
the fuel temperature. The presence of few fine radial cracks, absence of columnar or
grain growth and average grain size in the fuel observed to be similar to that in the
as-fabricated fuel indicates no restructuring in the fuel pins of the two clusters, which
is due to the low fuel centre temperature during irradiation. Absence of migration of
fission product (caesium) from centre to periphery also indicates a low fuel centre
temperature.
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(iii) Chemical stability during irradiation

Inherent chemical inertness and existence in single valency state of ThO2 provide
better chemical stability [14] during normal operation and defected conditions as
compared to UO2-based fuels.

Localized and discontinuous oxide layer observed on the inner surface of the
cladding of (Th–Pu) MOX fuel pins as compared to the thicker and continuos oxide
layer in (U–Pu) MOX fuel pins of BC-8 cluster indicates better chemical stability of
the Th-based fuel pins as compared to U-based fuels.

7 Conclusion

Post irradiation examination of two fuel clusters irradiated up to a fuel burn-up of 18.5
GWd/t(HM) and 10.2 GWd/t(HM) has been carried out to assess the performance
of thoria based fuels.

1. PIE observations showed that fission gas release in the fuel pins was negligible
(<1%), there was very less cracking in the fuel, and there was no evidence of fuel
restructuring. No swellingwas observed in the fuel, and therewas no dimensional
change in the fuel pins. Fuel–clad interaction and fission product migration were
also absent in the fuel pins.

2. Out of the five fuel pins in AC-6 cluster, four fuel pins remained intact during
irradiation. One fuel pin showed an internal hydride defect on the ID surface of
the clad, which might have formed due to higher moisture content in the fuel
pellets. Strict control of moisture in the pellets is necessary to avoid such defects
in fuel pins.

3. Thoria-based MOX fuels have performed well during irradiation. Good perfor-
mance of the fuel was attributable to lower operating fuel centre temperature
because of high thermal conductivity of the fuel.

4. The performance of a nuclear fuel is judged by its dimensional stability, the extent
of fission gas release and the nature and extent of fuel cladding interaction. In all
these respects, the performance of the fuel pins is found excellent. The results
provide confidence for use of this fuel in the forthcoming AHWR.

Acknowledgements The authors express their gratitude to all the colleagues in post irradiation
examination division for their assistance in carrying out the hot cell activities. The authors would
like to acknowledge the guidance provided by Shri D. N. Sah, Ex. Head, PIED, in preparation of
the manuscript.
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PuO2 Agglomerate Detectability
in (Th,1%Pu)O2 Fuel—A Monte Carlo
Simulation Study

K. V. Vrinda Devi, K. Biju and K. B. Khan

Abstract Advanced heavy water reactor (AHWR) is being developed for thorium
utilisation and various technologies associated with this are being studied. Exper-
imental irradiation of (Th0.99,Pu0.01)O2 MOX fuel has been carried out in AHWR
conditions. Fabrication and characterisation of this fuel were carried out through con-
ventional powder metallurgical route similar to (U,Pu)O2 MOX fuel. Homogeneity
of fissile material distribution is a crucial characteristic of the fuel, and quality con-
trol procedure of the fuel incorporates inspections to ensure its conformance with
specifications in this regard. Gamma autoradiography (GAR) is one of the tech-
niques carried out for this wherein plutonium-rich agglomerates; if any, present in
the matrix appear as dark spots in the gamma image of the fuel. However, it is dif-
ficult to characterise the agglomerate based on the GAR image as multiple factors
such as plutonium richness and size of the agglomerate, location on the fuel pellet
influence the formation of the image significantly. Hence, a theoretical simulation
study was carried out to estimate the minimum detectable size of a 100% rich plu-
tonium agglomerate located on the surface of (Th0.99,Pu0.01)O2 MOX fuel by GAR.
Monte Carlo methods using FLUKA2011.2C code was applied for this. Details of
the simulations and the results obtained are discussed in this paper.

Keywords MOX · Plutonium homogeneity · GAR ·Monte Carlo

1 Introduction

(Th0.99,Pu0.01)O2 MOX was the fuel for experimental irradiation in AHWR con-
ditions. MOX fuel pellets of this composition were fabricated in Advanced Fuel
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Fig. 1 Schematic of (Th0.99,Pu0.01)O2 MOX fuel pin [2]

Fabrication Facility (AFFF), BARC, Tarapur through conventional powder met-
allurgical route and encapsulated in Zircaloy-2 clad tubes filled with helium [1].
Schematic of the fuel pin is shown in Fig. 1.

Radiation assay and radiation imaging are two usually implemented non-
destructive testing methods for Pu distribution in MOX fuels. Gamma autoradio-
graphy (GAR) and passive gamma scanning (PGS) were routinely employed for
homogeneity inspection in U,Pu MOX fuels at AFFF [3]. Attempts were done to
quantify the Pu-rich agglomerates detected using PGS technique in MOX fuel pins
[4]. It was found that the minimum detectable limit (MDL) depends on the exper-
imental conditions in both these non-destructive techniques. Hence, the need for
estimation of MDL under the given experimental conditions was felt and a simula-
tion study was carried out. Monte Carlo simulation method for radiation emission
and transport was earlier used to simulate the actual gamma emission from and trans-
port through (U,Pu)O2 MOX and (U,Pu)C fuels for fast reactors [5, 6] and the same
method was adopted for ThO2 and 1% PuO2 fuel with AHWR fuel configurations.

2 Methodology

Gamma autoradiography is a process in which the encapsulated fuel is imaged on an
X/γ ray film by exposing the film with the fuel pin placed on it for sufficient period
of time and later processing the film to obtain the radiographic image. Formation of
the gamma image of MOX fuel is majorly due to the gamma rays from plutonium
as the specific activities of plutonium isotopes are much higher than that of thorium.
Hence, the distribution of plutonium could be monitored by analysing the GAR
image. However, it will be difficult to detect Pu-rich agglomerates if they are present
deep inside the fuel pellet due to the self-attenuation of plutonium gammas in the
high-density fuel matrix. If a small agglomerate is present within the limited path
length (~2mm) but not on the outermost surface, the imagewill bemagnified because
of the diffusion of gamma rays while traversing the matrix before reaching the film.
The darkness of the spot also could be reduced during this traverse. Hence, it is
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(a) Simulation for background gamma fluence (b) Simulation for gamma fluence from a pellet
homogeneous pellet containing a plutonium agglomerate

Fig. 2 Gamma assay/imaging geometry simulated

difficult to characterise the agglomerate directly based on the image it created during
GAR. So, it was necessary to estimate the minimum detectable size of a plutonium
agglomerate under the most favourable conditions of detection so that one could be
sure that any detected agglomerate is having size more than that. This will help in
ensuring the conformance of MOX fuel for AHWR with its stringent specification
which does not allow any plutonium-rich agglomerate of more than 100 μm in size.

A validated Monte Carlo code FLUKA2011.2C [7, 8] was used to compute the
photon fluence spectra outside the MOX fuel. FLUKA is a general-purpose Monte
Carlo particle transport code for simulating interactions of ionizing radiations with
matter.Monte Carlomethod involves the actual mathematical simulation of transport
of the particle through the medium using random sampling techniques [9]. FLUKA
can simulate the propagation and interaction of photons of energies from 1 keV to
thousands of TeV in very complex geometries modelled using the combinatorial
geometry (CG) package.

The process of GAR of AHWR experimental fuel pin was simulated using Monte
Carlo method of radiation transport. The actual values of fuel pellet composition
and details such as dimensions and density were used for the simulation. Details of
helium gas and Zircaloy-2 clad such as density and composition were also input to
the code. The exact geometry of the encapsulated fuel pin was also simulated.

The concept of simulation was as follows. The photon fluence from a homoge-
neous pellet is estimated by simulating a fuel pin encapsulated with a homogeneous
(Th0.99,Pu0.01)O2 MOX fuel pellet with helium cover gas, etc., as the background.
The background photon fluence is called X and the statistical fluctuation of the back-
ground is called±�X. Further, photon fluence from a pellet of the same composition
having a pure PuO2 agglomerate located at the point of contact between the clad with
the film was calculated along with its statistical fluctuation (Y ±�Y ). Simulations
were carried out with different sizes of agglomerates ranging from 50 to 150 μm.
The background (X ±�X) was also averaged to the same scoring volume in each
case so that the fluencies are directly comparable and checked if X ±�X <Y ±�Y
which is necessary for detection.

The photon fluencewas scored outside the fuel pin in the scoring volume as shown
in Fig. 2a, b.

The agglomerate was considered to be of 100%PuO2 and in contact with the inner
surface of the clad location whose outer surface made contact with the film. These
conditions were assumed to simulate the most favourable conditions for detection.
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Fig. 3 Photon fluence as a function of agglomerate size

3 Results and Discussion

Results from the simulated radiation emission and transport are shown in Fig. 3.
The dotted line represents the average background gamma fluence and the lines

parallel to that represent the statistical fluctuation in the background fluence. The
line denoted as ‘Total’ represents the gamma fluence from the agglomerate along
with the background. It could be observed that ‘Total’ exceeds the background when
the agglomerate is at least 100 μm in size. This shows that it is not possible to
detect a 100% PuO2 agglomerate having size less than 100 μm using radiation
assay/imaging in (Th0.99,Pu0.01)O2 MOX with AHWR fuel configurations. So, any
detected agglomerate could be inferred as having size of 100 μm or more. Since the
specification for Pu micro-homogeneity is not to have any plutonium agglomeration
of more than 100 μm size, this result shows that the technique of GAR could be
used for screening the fuel for any allowable plutonium micro-heterogeneity during
fabrication.

4 Conclusion

Thoria matrix mixed oxide fuels are being fabricated, characterised, and experi-
mentally irradiated under thorium utilisation program. The conventional chemical
dissolution tests for monitoring plutonium micro-homogeneity is not preferred in
thoria matrix fuels due to poor solubility of thoria in HNO3 without the assistance
of HF. Radiation imaging and radiation assay techniques were earlier explored for
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MOX fuels with urania matrix. Gamma autoradiography technique was being used
for homogeneity screening of the fuel but quantification of the agglomerate size if
detected, was difficult. In this study, a minimum detectable limit under the most
favourable conditions of detection is obtained theoretically, so that any agglomer-
ate; if detected in GAR could be inferred to be having size more than that. Monte
Carlo simulations were used using FLUKA for theoretical estimation of the mini-
mum detectable size of Pu-rich agglomerate in (Th0.99,Pu0.01)O2 MOX fuel and were
found to be 100 μm under the most favourable conditions for detection. Since the
MDLwas found to be equal to the maximum allowable size for a plutonium agglom-
erate, any detected agglomerate indicated non-conformance with the specification
for AHWR experimental fuel. Hence, GAR could be an effective non-destructive
technique to characterise MOX fuel of this composition for Pu homogeneity.

Acknowledgements The authors are grateful to all their colleagues at AFFF, BARC, Tarapur for
their encouragement and support during this work.
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Automated Fabrication of AHWR Fuel
in Shielded Cells: Challenges
and Initiatives

S. Panda, Saurabh Gupta, A. Saraswat, Vijay Ahire, Sanjeev Sharma,
P. S. Somayajulu and K. Jayarajan

Abstract With the growing demand of various innovative reactor designs and use of
thorium as fuel, importance of automation for fuel fabrication is realized. In order to
handle the fuel remotely during its fabrication cycle, various stages of its fabrication
are required to be automated. A first of its kind, full-scale mock-up facility is recently
developed at BARC to demonstrate automated fabrication, inspection and handling
of (Th-233U)-based fuel pins. In order to optimize the operations and to avoid spread
of contamination, equipments in the facility are arranged in multiple interconnected
shielded cells. One of themajor challenges in handling of such fuel pin is requirement
of intra-cell and inter-cell autonomous transfer of long fuel pins. This paper describes
a uniquely designed rail-guided vehicle, which automatically triggers opening and
closing of heavily shielded inter-cell door during intra-cell material transfer. Further,
in this paper, the concept of dual robotic arms for precise handling of pins during its
fabrication is presented. All the quality inspection tests are performed remotely and
autonomously. Results of the inspection are available online at control station, and
operator is alerted when monitored parameters go beyond the acceptable tolerance
band. In order to avoid radiation damage to electronic components, controllers and
data acquisition system are located outside the cells. Novel methods presented in
this paper produced consistent results with considerable reliability during mock-up
trials, thus ensuring their suitability for the real system.

Keywords AHWR · U-233 · Thorium · Automated fuel fabrication
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1 Introduction

Advanced heavy water reactor (AHWR) [1] is a unique reactor concept, designed to
utilise the vast thorium resources available in India. It will be using mixed oxides of
(Th-Pu) and (Th-233U) as fuels. Fertile thorium is converted to fissile 233U in reactor
through neutron capture, and the same will be used as fuel in AHWR. 233U produced
in reactor is always contaminated with small quantities of 232U. As a few daughter
products of 232U in its decay chain are hard gamma emitters, the fuel containing 233U
can only be handled behind shielded cells. Mixed oxide (MOX) fuel for AHWRwill
be fabricated by powder-pellet/ceramic processes, starting from PuO2, ThO2 and
233UO2. Although well-established processes and techniques are available for fuel
fabrication for operating thermal reactors and fast reactors, usingUO2 and PuO2 fuel,
we have limited experience of fuel fabrication in shielded facility. Automation in fuel
fabrication is also limited to equipment level and not to the plant level. Therefore, a
first of its kind, mock-up facility [2, 3] is being set-up at BARC to demonstrate fully
automated fuel fabrication, including pellet fabrication, pin fabrication and assembly
of fuel cluster.

The reactor core of AHWR consists of 452 fuel clusters of 4300 mm length and
118 mm diameter. The cluster has 54 fuel pins, arranged in three rings around a
central rod [4]. Each fuel pin consists of an 11.2 mm diameter Zircaloy clad tube,
welded with two end plugs and filled with MOX pellets (Fig. 1). Eighteen spacer
pads are welded to the clad tube.

The major operations to be performed on the clad tube or fuel pin are inser-
tion of pellets into the tube, end-plug welding, buffing the welded area, various
dimensional measurements, weight checking, visual inspection, X-ray radiography,
He-leak detection and gamma scanning. In addition, it involves handling material
among various equipments in various stations.

2 Mock-Up Facility

Large length, combined with small diameter, and presence of spacer pads makes the
automated material handling difficult. Fuel pin fabrication will be performed in a
series of shielded cells (hot cells). The physical constraints arising from hot cells are

Fig. 1 Fuel pin
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Fig. 2 Dummy pin, tray and
cage

respected in the design of the mock-up system. Width of the hot cells is limited to
the reach of master–slave manipulators (MSMs) for accessing the desired areas. In
addition, no permanent structure/equipment is placed above the automated stations,
in the layout for handling the fuel pins with MSM.

We have designed a fuel pin cage (Fig. 2)with a capacity of 36 pins for transferring
the clad tubes to the pin handling plant and for transferring the fabricated pins to
the cluster assembly plant. The cage doors can be opened only in the cell using
automated tools. The cage containing pins will be transferred to the cluster assembly
plant in a shielded flask. Within the plant, the pins or clad tubes will be transferred
from one hot cell to another in a pin tray. The tray and cage have features for locating
them accurately at the designated stations.

The mock-up plant has three simulated hot cells [5]. A cage containing 36 empty
clad tubes are brought to the plant, and another cage containing 36 fabricated pins
are taken out of the facility. Automated operations begin with pulling out clad tubes
from the cage and end with inserting accepted pins into another cage. Photograph of
the set-up is shown in Fig. 3.

Fig. 3 Mock-up facility for pin fabrication
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3 Material Transfer Tools

In the facility, the long clad tubes and pins are transferred between cells and within
a cell for feeding them to different processing or inspection systems. Major material
transfer mechanisms developed are as listed below.

3.1 Pin and Tray Handling Robot

For vertical and transverse transfer of the pins and clad tubes, they have to be lifted
from the support. As the long pin cannot be lifted by a single device, a pair of
cooperative robot was developed for pin handling. The overhead mounted robot pair
is capable of lifting and transferring the long clad tubes, pins and trays in coordination.

3.2 RGV and Inter-cell Door

Instead of transferring single pin or clad tube, six of them are loaded into a pin tray
(Fig. 2) and the pin tray is transferred between cells. A pair of pin and tray handling
robot loads the pins on the pin tray, and the same robot pair loads the tray on a
rail-guided vehicle (RGV). Rails are laid in the cells and in the common walls for
moving the RGV (Fig. 4). Contact lines laid along the rail and bus bar contactors
on the RGV are used to supply power to RGV. Inter-cell doors are embedded in the
common walls for the RGV to pass through. The normally closed door is opened
only during the transfer of RGV.

3.3 Cage Transfer Tool

Pin cage weighing about 200 kg has to be transferred among different stations within
a cell. A heavy-duty cage transfer tool, which is similar to pin and tray handling tool,
was developed for this.

3.4 Tools for Longitudinal Transfer of Pin

In about ten stations, the pins and clad tubes are to be moved axially to feed them
to various process and inspection systems. The axial movement ranges from few
millimetres to the full length of the pin. Depending upon the axial travel, accuracy



Automated Fabrication of AHWR Fuel in Shielded Cells … 323

Fig. 4 View of the automation system from one end of facility

and space available, different mechanisms are used for pin transfer. The pushing
force is limited to avoid damage of the pin during pushing.

3.5 NC Table for Cage Positioning

Pin cage has 36 pins or clad tubes arranged in a 6× 6 array (Fig. 2). The cage is placed
on a2-axisNC table for aligning the required clad tube to the clad tube-unloading tool.
The same set-up is used for loading the fabricated pin into the specified location in
the cage. For pushing and pulling, the clad tube (or pin) is gripped using a pneumatic
gripper and pulled (or pushed) in small increments.

3.6 Pin Clamping and Rotation Set-Up

The pin has to be rotated for welding, buffing, X-ray radiography, TIR, weld bead
measurement and visual inspection. Wherever, positive rotation is required, the pins
are clamped on a rotating collet; otherwise, the pins are supported on a set of rotating
rollers. The rotation is either continuous or intermittent. Wherever required, the pins
are clamped and guided to avoid vibration and wobbling of the pin.
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4 Inspection Systems

Automated inspection techniques are developed for metrology and weight measure-
ment. X-ray radiography, helium leak detection and gamma scanning are proven
methods in fuel fabrication. Therefore, in place of actual measurement, only the
necessary automated motions of the pins are demonstrated.

4.1 Weight Measurement Set-Up

Weight of the fuel pin is measured by placing the pin on a frame mounted on a load
cell-based weighing balance. The pin weight is measured with ±1 g accuracy.

4.2 TIR and Weld Bead Measurement Set-Up

A LVDT-based set-up is developed to measure concentricity of the top end plug with
reference to the clad tube diameter and to measure weld bead size. Three LVDTs are
placed in contact with clad tube, weld bead and top end plug. The pin is clamped
and rotated to get the TIR and weld bead size.

4.3 Pin Length Measurement

After pushing the pin against a stopper, the length of pin is measured using an LVDT.

4.4 Bow Measurement

Bowof fuel pins is usuallymeasured by placing the pin on a surface plate and visually
examining the gap between the pin and the surface plate. If a gap is visible, feeler
gauges are inserted in the gap to measure the gap. As this technique is not amenable
for automation, we have developed a novel technique for bow measurement. The
set-up consists of a surface plate, a set of active rollers and a set of LVDTs. The
rollers can be lifted, lowered and rotated. In the lifted condition, the rollers can rotate
the pin placed on it. In the lowered condition, the pin gets transferred on the surface
plate. Readings of the LVDTs, which are mounted below the surface plate, provide
the bow. The pins are rotated to measure the bow in other planes of the pin.
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4.5 Visual Inspection

A high-resolution camera, which is mounted on a moving frame, is used for visual
inspection of the pin. The pin is rotated and scanned by the moving camera across
its length. Visual inspection is not automated; the operator takes a decision based on
the image available to him at the control station.

4.6 X-ray Radiography

X-ray radiography is done to assess the weld quality. The pin is fed into the set-up,
and the weld area is exposed to X-ray. The pin is rotated in steps to expose the weld
in different angles.

4.7 He-Leak Detection

The set-up consists of a helium leak test (HLT) chamber, a tray conveyor, tray pusher
and a tray. The HLT chamber has an automated leak-tight door to load or unload tray
through it.

4.8 Gamma Scanning

The pin is fed through a gamma scanner to confirm the presence of fuel pellets at all
locations inside the clad tube. The system includes a passive gripper and a motorized
chain drive for full-length axial travel of the pin.

5 Process Equipments

Processes required for AHWR fuel pin fabrication are similar to those in the fabri-
cation of fuel pins of other reactors. Therefore, we have not duplicated the process
equipments in our system. However, we have demonstrated necessary pin handling
and associated equipment movements in our system. The major tools used are listed
below.
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5.1 Top End-Plug Welding

Material handling tools required for end-plug welding are developed. The pin is fed
to the welding chamber, stopped at specified location, clamped and rotated at the
required speed.

5.2 Buffing

The buffing set-up consists of two buffing wheels: one motorized and the other an
idler. The welded area of the pin is brought near the wheels; the buffing wheels are
pressed against the pin; and the pin is rotated between the pressed wheels.

6 Control System

A remote control station was developed to monitor and to control the large num-
ber of processes. Apart from the centralized station, each cell also has separate
touchscreen interface for monitoring and controlling the sub-systems. Centralized
controller, referred as supervisor control and data acquisition (SCADA), monitors
and controls the activities in the three cells and the movement of RGV. Synchroniza-
tion of various processes is essential in the system. Therefore, real-time feedback of
the status and non-completion of an action within the pre-defined time is reported. It
helps to identify the problem, before they turn into significant failures. Centralized
station periodically obtains data from remote input modules and controls various
actuators through programmable logic controller (PLC). Win CC, an open architec-
ture, SCADA, is installed on an industrial PC. It is configured for visual display of
status, alarm handling, logging and report generation. Images from CCTV cameras
are also available at the control station. Figure 5 shows overview of the control dia-
gram for controlling this complex system. This system aids in visualizing real-time
process data and facilitates configuration and monitoring of process data (Fig. 6).

Field 
Devices

Engineering 
HMI Drives

PLC
S7-300

Win CC
SCADA

Profibus

Fig. 5 Overview of the control system for AHWR fuel pin fabrication
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Fig. 6 SCADA display of one of the cells

7 Conclusions

An attempt has been made to develop a comprehensive full-scale mock-up system to
demonstrate all functional and qualitative requirements of automatedAHWR fuel pin
fabrication. In this mock-up system, many novel tools and techniques for automated
transfer of the pin and the cage have been developed. A few conventional techniques
have been modified for automated inspection. Constraints arising from the hot cell,
such as space limitations, maintainability, access and interference with remote han-
dling tools, spread of contamination, etc., are considered in the design. Another
outcome of the mock-up facility is optimized layout of hot cell and equipments,
which reduces the number of material transfers, reduces the number of equipments,
optimally utilise hot cell space and provides access for maintenance. A hybrid layout,
combining the desired features of fixed-position layout, product-oriented layout and
process-oriented layout, is adopted in this mock-up demonstration. This mock-up
demonstration facility is a first step towards commercialization of automated fuel
fabrication in a shielded facility.
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Abstract A clad failure results in the escape of fission products from the fuel to
coolant. Continued operation of the reactor with the presence of failed fuel would
cause excessive radioactive contamination of the main heat transport (MHT) system
and its associated components. Therefore, online detection and precise location of
failed fuel in the core are necessary for the safe and healthy operation of the reactor
and to reduce the man-rem exposure. For the development of online system for
iodine and gaseous fission product monitoring for AHWR, an empirical analysis
was carried out to compute these fission product release rate data for thorium-based
AHWR mix-oxide fuel consisting of (Th–U233)O2 and (Th–Pu)O2. The release rate
and activity concentration rates in the coolant were calculated for various types
of fuel failures, and a feasibility study was carried out for online gaseous fission
product and iodine monitoring using HPGe detector and high-resolution gamma-ray
spectrometer system. Further, this paper also discusses the different methodologies
for identifying severity of fuel damage.
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Keywords Fuel failures · Tramp fissile content · Counts · Escape time constant
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Nomenclature

R0
i Release rate in atoms/s of fission products from fuel pellets into fuel-clad gap.

Bi Fission product birth rate in the fuel in atoms/s.
l Typical AHWR fuel length in meters i.e. 3.5 m.
yc Cumulative yield of the nuclide i in atoms/fission.
P Linear power rating of the defective fuel pin in kW/m.
D′ Empirical diffusion coefficient in s−1.
X Number of defective fuel pins.
Ni Inventory in fuel gap in atoms.
vi Escape time constant, s−1.
α Surface-exchange coefficient in (m s−1) between the gap and coolant.
E Defect size in mm2.
λi Decay constant of species i, s−1.
W Reactor water mass, kg.
βc Reactor water cleanup (RWCU) system removal time constant, s−1 defined as /

assuming 100% efficient.
f RWCU flow rate, kg/s.
βs Steam removal time constant, ss−1 which is defined as F/W .
ε Iodine carryover � the concentration of species i in the condensate

the concentration of the species i in the reactor water .

F Steam flow rate, kg/s.
vs Sample volume of the detector in cc.
η Detector efficiency for a particular gamma energy.
Iγ Yield of a particular energy gamma radiation from a radioisotope.
ws Weight of the sample in mg.

1 Introduction

Fuel failures have always been an important operating concern for nuclear power
plants and play a critical role in health, safety, and the economics of an operating
reactor. A clad failure results in the escape of fission products from the fuel to coolant.
Continued operation of the reactor with the presence of failed fuel would cause
excessive radioactive contamination in theMHTsystem, difficulty in themaintenance
of MHT equipment and piping, increase in man-rem, and activity in the reactor
building, distortion in the defective fuel element due to its continued irradiation,
and hence making its removal from the location difficult. Hence, online fuel failure
detection is very essential which will reduce the man-rem exposure and enable early
detection.
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The thorium-based advanced heavy water reactor (AHWR), being developed by
BARC, has a composite fuel cluster consisting of (Th–U233)O2 and (Th–Pu)O2.
AHWR is pressure tube-type heavy water-moderated and boiling light-water-cooled
natural circulation reactor. Hence, as in BWR type of reactors the gaseous fission
products released as a result of fuel failures reaches the off-gas system. Thus for
AHWR, online fuel failure detection by noble gas monitoring from the off-gas sys-
tem and iodine isotopes monitoring from the purification system are envisaged. As
there is not much data pertaining to fuel failure fission product release rates and its
activity concentrations of volatile and non-volatile isotopes in the coolant are avail-
able for thorium-based fuel configuration, an empirical analysis was carried out. This
analytical work comprises the fission product release rate calculations, activity con-
centrations in coolant and off-gas systems, online fuel failure detection mechanism,
and damage severity analysis methodologies for AHWR fuel matrix.

2 AHWR Fuel Matrix

AHWR uses a composite fuel cluster containing both (Th–U233) and (Th–Pu) MOX
fuel pins in the equilibrium core configuration. The AHWR core has 452 number of
fuel clusters each having 54 fuel pins. The fuel cluster lattice configuration is shown
in Fig. 1. AHWR equilibrium core fuel cluster also has an axial enrichment of 4%
Pu in lower half and 2.5% Pu in upper half. The equilibrium core inventories of the
fertile and fissile isotopes of Th, U, and Pu of the inner and outer pins for the top and
bottom halves of the cluster are separately given in Table 1 [4].

The % fissile content in the inner and the outer pins for an average top incore
burnup of 15000 MWd/t and average bottom incore burnup of 24,000 MWd/t is as
follows:

Fig. 1 AHWR fuel cluster lattice configuration
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Table 1 Fuel assembly fertile and fissile isotopic inventories for the AHWR equilibrium core

Isotope Isotope inventories of g/kg of HM Fuel
assembly
inventory
(kg)

Core
inventory
(kg)Top (2.5% Pu) avg.

incore BU 15 GWd/T
Bottom (4% Pu) avg.
incore BU 24 GWd/T

Inner pins
(30)

Outer pins
(24)

Inner pins
(30)

Outer pins
(24)

Th233 956.63 962.68 951.53 941.94 111.03 50,189.04

U233 26.65 8.62 23.96 10.79 2.140 967.23

U234 1.67 0.45 2.35 0.8 0.162 73.41

U235 0.15 0.04 0.29 0.08 0.017 7.84

Total U 28.48 9.11 26.63 11.69 2.321 1049.31

Pu239 0 2.54 0 1.85 0.114 51.36

Pu240 0 5.77 0 7.68 0.348 157.36

Pu241 0 2.34 0 3.23 0.144 65.17

Pu242 0 1.18 0 2.27 0.089 40.36

Total Pu 0 11.86 0 15.13 0.699 315.77

Inner pins: Top half � 99.4% U233, 0.559% U235, 0% Pu239, 0% Pu241.

Bottom half � 89.40% U233, 10.6% U235, 0% Pu239, 0% Pu241.

Outer pins: Top half � 63.66% U233, 0.29% U235, 18.759% Pu239, 17.28% Pu241

Bottom half � 67.6% U233, 0.5% U235, 11.6% Pu239, 20.25% Pu241.

3 Fission Product Release Rate Calculations of Gaseous
Fission Products and Iodine Isotopes for AHWR Fuel

Considering the fuel failure detection, among the fission products, a trustworthy
calculation of source strengths can only bemade using specific radio nuclides such as
fission product noble gas isotopes and iodine isotopes. It has been generally accepted
that diffusion is the primary release mechanism for volatile fission products from
oxide fuel pellets. According to the equivalent sphere model proposed by Booth, the
release rate of nuclide ‘i’ into the fuel-clad gap is given by:

R0
i � 3Bi X

(
D′/λ

)1/2
(1)

where Bi is given as,

(2)

Bi � 1

200

(
fission

Mev

)
∗ l (m) ∗ 1

1.602 × 10−19

(
Mev

MJ

)

∗ 1

1000

(
MJ

kW s

)
∗ yc (Bu)

(
atoms

fission

)
∗ P

(
kW

m

)
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(3)Bi

(
atoms

s

)
� Ff ∗ yc ∗ P

(
atoms

s

)

and D′ is given as,

D′ � 9.0 × 10−12 ∗ 100.114P

P2
(4)

The release ratemechanism of fission products fromdefective duel into the reactor
coolant can be theoretically modeled as a fission product mass conservation relation
given as,

rate of change of the fission product inventory in the fuel clad gap

� release rate from the fuel pellets − decay − leakage into the coolant − burnup rate

dNi

dt
� R0

i − λi Ni − vi Ni − φσi Ni (5)

Upon integration,

Ni � R0
i

λi + φσi + vi

(
1 − e−(λi+φσi+vi )t

)
(6)

At steady state, when t → ∞

Ni � R0
i

λi + φσi + vi
(7)

The release rate in atoms/s to the reactor coolant � Ri � Nivi � R0
i vi

λi+φσi+vi

Where vi is the escape time constant in s−1 which is a function of the defect
geometry and size, generally defined as,

vi � 2nα

l
(8)

n describes the defect geometry. n=1 for a mid-rod defect, n=0.5 for an end
element defect.

The surface-exchange coefficients for iodine and noble gases are given as follows:

αI � 100.7 log10 E−7.5 (9)

αN � 7.1 × 10−6 (10)

Substituting for R0
i , Ri � vi

λi+φσi+vi
∗ A√

λ
where A � 3FfycP

√
D′

The burnup rate φσi is generally small and can be neglected, thus the release rate
is,
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Fig. 2 Release rate versus decay constant for noble gases and iodine isotopes released from various
types of defects in the AHWR fuel

Ri � vi

λi + vi
∗ A√

λ
(11)

The release rate in fissions/s is

Ri

yc
� vi

λi + vi
∗ 3FfP

√
D′

√
λ

(12)

The activity release rate in Bq/s is

Ai � Riλi � viλi

λi + vi
∗ A√

λ
(13)

The release rate calculations were done using MATLAB for the AHWR equi-
librium core operating at 100% FP for the following three types of defects, whose
results are shown in Fig. 2.

• A small pinhole defect of 1 mm2 in a fuel pin
• A medium defect of 100 mm2 in 23 fuel pins
• A large defect of 28 slits each 36 * 0.3 mm (=300 mm2) from 100 pins.

Iodine exists in the form of insoluble CsI compound in fuel pins. Thus to permit
iodine release, water or steam should enter the fuel pin to make iodine soluble.
Thus as observed in the graph for small leaks, only noble gases escape and enter
the coolant whereas release rate of iodine isotopes is very less. As the defect size
increases, release rate of iodine increases. Thus from the graph, it can be seen that
from small defect to large defect, the difference between the release rates of iodine
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and noble gases reduces and for large defects, the release rates of both will be almost
of same magnitude. Furthermore, it is seen that as the defect size increases the slope
of the fission product release rates increases due to the release of short-lived fission
products.

4 Online Fuel Failure Detection System for AHWR

The fuel integrity analysis is carried out for the AHWR equilibrium core from the
release rate concentrations of the noble gas isotopes of Xe-138, Kr-87, Kr-88, Kr-
85m,Xe-135, andXe-133 and iodine isotopes of I-131, I-132, I-133, I-134, and I-135.
The proposed AHWR failed fuel detection system consists of online nuclide-specific
high-resolution HPGe detector and gamma-ray spectrometer system for monitoring
concentration of fission product activities released from the defective fuel. The sam-
ple for online noble gases monitoring is taken after the condenser before the delay
tank. Iodine isotopes aremonitored from the coolant samples taken from the purifica-
tion circuits before the filters and ion exchangers. The fission product activity levels
from the failed AHWR fuel for different types of defects and the corresponding
detector counts calculations are discussed below.

4.1 Activity Level Calculations of Noble Gas and Iodine
Isotopes from the Off-Gas and Purification Systems
at the Detector Location for Different Type of Fuel
Failures

The activity (Bq/kg) of the noble gases in the off-gas is given by:

Ci � Ai

Fsteam
(14)

Ai is the activity inBq/s of species i released from the fuel defect into the coolant.
Fsteam is the steam flow rate in kg/s

Iodine activity in the reactor coolant taking into consideration iodine removal
from the reactor water cleanup system and fraction carryover to steam is given by:

Ci � Ai

W (λi + βc + βs)
(15)

Measurement of the fission product activity by the HPGe detector system is given
by
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Table 2 Calculated activity values from fuel defects and from tramp fissile content at the detector
location

Isotopes Activity in µC/l for 0.1% fuel failure

Small defect Medium defect Large defect From tramp
fissile content

Xe133 0.219336 0.516091 2.269657 0.07374

Kr85m 0.032799 0.077381 0.339256 0.024138

Kr88 0.063944 0.151054 0.662644 0.057294

Xe135 0.187767 0.444048 1.945587 0.037135

Xe138 0.01108 0.026152 0.114811 0.026127

Kr87 0.031517 0.074349 0.326631 0.040849

I134 0.001919 0.114861 1.071855 0.065782

I131 0.055951 2.338468 16.14142 0.043236

I133 0.030149 1.722761 15.28965 0.072944

I132 0.004531 0.2699 2.511782 0.05809

I135 0.012872 0.760958 6.99466 0.058886

Roffgas (atoms/ml) ∗ v (ml) ∗ e−λtd ∗ (
1 − e−λtc

) ∗ η ∗ Iγ (16)

Ci

(
Bq

kg

)
∗ w (kg) ∗ tc(s) ∗ η ∗ Iγ (17)

The activity in µC/l was calculated for 0.1% fuel failures of the three types of
defects for the defect locations in inner pins, outer pins, top and bottom half of the
fuel cluster separately. From the calculations, the activity levels of noble gases and
iodine isotopes are less for the outer pins which is in the detectable range of the
detector. The corresponding data for the outer pins for all the types of defects are
given in Table 2. The total tramp fuel content (for 54 * 452 fuel pins) for the AHWR
equilibrium core, i.e., after 6 years of irradiation was calculated using ORIGEN code
and the corresponding activity is given in Table 2.

4.2 Detector Output Counts Calculations for Noble Gas
and Iodine Radioisotopes for Various Types of Fuel
Failures

For the calculations, commercially available coaxial HPGe detector of crystal length
5.2 cm, relative efficiency 19.3%, resolution 1.87 keV for the Co60 gamma ray at
1332.5 keVand a source-detector distance 3 cm is considered. The calculated detector
counts for noble gas and iodine isotopes considering 0.1% fuel failures for small,
medium, and large defects are shown in Figs. 3 and 4, respectively.



Online Fuel Failure Detection and Damage Severity Analysis … 337

Fig. 3 Detector counts for
noble gas isotopes
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Fig. 4 Detector counts for
iodine isotopes
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5 Damage Severity Analysis and Discussion

5.1 Feasibility Analysis from the Release Rate into Coolant
at the Defective Pin Location

The release rate of noble gases from the defective fuel for small defects (1 mm2)
is 100 times higher than iodine isotopes release rates. The release rate values for
the longest-lived isotopes are I133 (t1/2 � 20.8 h) is of order of 1010 fissions/s and
Xe133 (t1/2 � 5.25 days) is of order of 1012 fissions/s. For medium to large defects,
the order of release rates of noble gas and iodine isotopes are almost same. Thus, for
smaller defects detection of noble gas isotopes are preferred as compared to iodine
isotopes.
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5.2 Feasibility Analysis from the Detector Output Counts

Detector output counts were calculated for 0.1% fuel failures for the AHWR fuel
matrix. For medium to large defects, I131 and I133 detector counts are in 104 range
as compared to all other noble gas isotopes which come in 103 range. Among the
iodine isotopes, the activity level of I131 is high as compared to other iodine isotopes.
Activity levels at the detector location of I131 for medium and large defects are
around 3 and 16 µCi/l. This level is far above the activity level from the tramp fissile
inventory which comes around 0.043236µCi/l. For small defects, detector counts for
the noble gas isotopes are appreciable as compared to iodine isotopes. Monitoring
of Xe133 and Xe135 isotopes are preferred for small defects. The activity levels of
Xe133 are 0.2193 µCi/l with a background activity of 0.07374 µCi/l.

5.3 Feasibility Analysis from the Release Rate Ratios

An approach for the defect size identification is from the fission product release rate
ratio calculations from short- and long-lived isotopes of different species and of same
species. This approach relies on the variation in hold-up between noble gases and
iodine. The table for the release rate ratios of same and different isotopic species
calculated for all the three types of defects for the AHWR fuel matrix is shown in
Tables 3 and 4, respectively

On comparing the release rate ratio values from Tables 3 and 4, the release rate
ratio of different isotopic species can be considered as a good indicator of fuel failure
detection. From the calculations, Xe133/I131 release rate ratio can be considered for

Table 3 Release rate ratio of same isotopic species

Ratio Small defect Medium defect Large defect

I131/I133 27.771 20.312 15.798

Xe133/Xe135 0.702 16.759 16.821

Xe133/Kr88 85.828 85.377 85.591

Xe135/Kr88 122.192 5.094 5.0881

Table 4 Release rate ratio of different isotopic species

Ratio Small defect Medium defect Large defect

Xe133/I131 3.3 1.86 1.18

I131/Xe135 0.02 9.03 14.2

I131/Kr88 2.6 46 72.4

Xe133/I133 917 37.7 18.7

Xe135/I133 1310 2.25 1.11

I133/Kr88 0.09 2.26 4.58
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identifying different types of defects. The release rate ratio of Xe135/I133 can be
considered for identifying the onset of the fuel failure by the identification of small
pinhole defect. The release rate ratio of I131/Kr88 can also be considered for the
identification of different types of fuel failure.

5.4 Estimation of the Burnup for Defective Fuel Rods

The measurements of Cs-134 and Cs-137 activities in the reactor coolant can be used
as an indicator of the exposure of a failed fuel rod from which the fission products
are released. Cs-137(30y) is produced directly from fission, and Cs-134 (2.1y) is
produced by neutron activation on Cs-133, a stable fission product. The activity of
Cs-134 increases proportionately to the square of the fuel exposure. Thus as the
fuel exposure increases, ratio of Cs-134 to Cs-137 increases and can be used for the
estimation of defective fuel rod burnup.

6 Conclusion

An empirical analysis was carried out for the online gaseous fission product and
iodinemonitoring for AHWR fuel for different types of fuel failures. Calculations for
the release rate of fission products from the defective fuel, its activity concentrations
in the reactor coolant and off-gas system, and the corresponding detector output
counts were computed. Feasibility of detection of 0.1% fuel failures in AHWR was
analyzed by comparing the calculated results with the background activity due to
tramp fissile material in the AHWR equilibrium core. Methodologies for identifying
the severity of fuel damage and burnup of the defective fuel are discussed.
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Xenon Dynamics in AHWR-LEU
with Coolant Density and Fuel
Temperature Feedback

Arindam Chakraborty, Amit Thakur, Baltej Singh and P. D. Krishnani

Abstract The static core calculations assume average neutron flux; as a result, the
xenon concentration, coolant density, and fuel temperature are also assumed to have
core average values. In order to study xenon dynamics for different perturbation
(like refueling of channels and withdrawal of regulating rods), explicit xenon calcu-
lations with coolant density and Doppler feedback were carried out for AHWR-LEU
core. The calculations were carried out at small time steps (say 0.1 h intervals).
Time-dependent quarter core power distribution was studied for different reactivity
perturbation.

Keywords AHWR-LEU · Xenon dynamics · Coolant density feedback
Doppler feedback

1 Introduction

Xenon plays a very important role in nuclear reactor due to its high thermal neutron
capture cross section. Due to flat core power distribution in AHWR-LEU [1], it is
neutronically loosely coupled in nature. The effect of neutronic loose coupling is
manifested in small difference in the eigenvalues between fundamental mode and
highermodes. Small perturbation in reactor core can excite the highermodes resulting
in spatial xenon oscillation. It leads to distortion in power distribution keeping total
power unchanged. It has been observed that due to small perturbation in some part
of the reactor, the power distribution starts oscillations such that the total power
remains unchanged. A detailed study has been performed to see the effect on power
distribution due to operational transient like movement of regulating rod (RR) and
refueling of channels. The study also includes the reactivity feedback due to change
in coolant density and fuel temperature.
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2 Methodology

The core follow-up studies along with many other core calculations of AHWR-
LEU have been performed by core follow-up code FEMFOL [2]. The studies have
considered saturated xenon conditions during operation. The FEMFOLwasmodified
[3] to incorporate the time-dependent xenon calculation to study the operational
transient in AHWR-LEU. The scheme followed for the modification is shown in
Fig. 1.The time-dependent xenonand iodine concentration is given inEqs. (1) and (2).
The solution [4] of the two coupled differential equation is given in Eqs. (3) and (4).

dI ti
dt

� γIΣ f iφ
t
i − λI I

t
i (1)

dXt
i

dt
� γXΣ f iφ

t
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t
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) − I ti e
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t
i
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i

[
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i )�t
]

+
γIΣ f iφ

t
i − λI I ti

λX − λI + σXφt
i

[
e−(λX+σXφt

i )�t − e−λI�t
]
+ Xt

i e
−(λX+σXφt

i )�t (4)

It is assumed that the neutron flux in each mesh remains constant for a given small
interval of time (or time step). The absorption characteristics of each fuelmesh (lattice
cell) shall be incremented corresponding to the estimated concentration of 135I and
135Xe, and new flux distribution is estimated at each time step. In the next time step,
the updated flux distribution is used to estimate the corresponding concentration of
135I and 135Xe for updating the absorption characteristics of each mesh, and new
flux distribution is obtained at each fuel mesh. This process is repeated for all the
time steps for each fuel mesh. The neutron flux in each mesh, at each time step, is
obtained through iterative process till the maximum relative difference in the neutron
flux between the two successive steps is less than 10−4.

Core calculations of AHWR-LEU equilibrium core have been performed consid-
ering the burn-up and flux distribution corresponding to 5876 FPD of AHWR-LEU
core follow-up. Whole core of AHWR-LEU has been divided into four radial zones.
Equilibrium core layout of AHWR-LEU is shown in Fig. 2.

3 Perturbation Due to Simultaneous Refueling of Four
Channels

Xenon dynamics studywith coolant density andDoppler feedbackwas carried out for
a case where a mini batch of four channels (one each in four quadrants) was refueled
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Fig. 1 Flowchart for explicit xenon calculation with coolant density and fuel temperature feedback

simultaneously in saturated xenon condition. Locations of four channels belonging to
a mini batch are (13,20), (21,14), (20,21), and (14,13). The simultaneous refueling of
four channels did not cause any significant variations in the spatial power distribution
with respect to time because each of the quadrants was perturbed to the same level.
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Zone - 2Zone - 1

Zone - 3Zone - 4

Fig. 2 Four radial zones in AHWR-LEU core

4 Perturbation Due to Sequential Refueling of Four
Channels with Some Time Interval

The actual refueling operation is expected to have some time interval between
two consecutive refueling operations. Therefore, refueling of the four channels of
AHWR-LEUwas simulated by refueling one channel after another with certain time
intervals, and three cases with different time intervals of 3, 6, and 9 h were consid-
ered. For all the cases, same sequence of refueling of channels (located at (13,20),
(21,14), (20,21), and (14,13)) was considered. Variation in the quadrant power of
four radial zones with time for all the cases was studied with reactivity feedbacks
and without reactivity feedbacks. The comparative results are given in Figs. 3a, b,
4a, b and 5a, b.
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Fig. 3 a Variation of power of four radial zones with time at 100% power without any feedback
(interval between two refueling is 3 h), b variation of power of four radial zones with time at 100%
power with feedback (interval between two refueling is 3 h)
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Fig. 4 a Variation of power of four radial zones with time at 100% power without any feedback
(interval between two refueling is 6 h), b Variation of power of four radial zones with time at 100%
power with feedback (interval between two refueling is 6 h)

5 Perturbation Due to Withdrawal of Single Regulating
Rod

The time-dependent variation in the powers of four radial zones was also estimated
after the full withdrawal of one regulating rod (RR) located at (9,13) with coolant
density and Doppler feedback. Variation in the quadrant power of four radial zones
with time was studied with reactivity feedbacks and without reactivity feedbacks.
The comparative results are given in Fig. 6a, b.
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6 Results and Discussions

The present study has provided very valuable information about xenon dynamics of
the AHWR-LEU during operational transients like refueling of a fuel channel and
the full movement of reactivity device (say RR/AR/SR).

The xenon dynamic calculations for the refueling of a mini batch of four channels
showed that the simultaneous refueling of four channels of themini is not expected to
introduce any xenon instability. However, the successive refueling (one channel after
another channel) of four channels after some interval of time is expected to introduce
xenon instability in the radial zones when the feedbacks due to coolant density
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and Doppler were not considered; however, variations in radial power distribution
diminish when the reactivity feedbacks are duly accounted.

The xenon dynamic calculations have also shown that the outward movement
of single RR (fully or partially) is expected to introduce xenon instability. It was
also observed that xenon instability due to outward movement of single rod is not
expected.
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LORA Analysis Using Thorium
in 220 MWe PHWR Fuel

Manish Raj, M. P. S. Fernando, Suma Nair and S. G. Ghadge

Abstract Thorium is not a fissile material and cannot either start or sustain a chain
reaction. Therefore, a reactor using thoriumwould also need either enriched uranium
or plutonium to initiate the chain reaction and sustain it until enough of the thorium
has converted to fissile uranium (U233). U233 can be produced on a regular basis
by irradiating thoria pins in existing PHWRs. In order to retrieve and reprocess
the irradiated fuel, the bundle is designed with few thoria pins and rest SEU pins.
Another way is to uniformly mix the plutonium with thorium in all the pins. The
reactivity load due to thoria pins is compensated by SEU/plutonium. The objective
is to irradiate thorium for production of U233 and compensate the burnup loss by
using SEU in separate pins of PHWR fuel bundle. In this paper, the loss of reactivity
accident has been discussed for 220 MWe PHWR. The analysis has been carried out
using computer code MRIF-FUEL (Jain, Yadav in Point kinetics code MRIF-FUEL,
Theoretical Physics Division, BARC, 1989, [1]). The input data are generated using
computer code CLUB (Krishnani in CLUB, a multigroup integral transport theory
code for lattice calculations of PHWR cells, BARC/1992/E/017 [2]).

Keywords Thorium · SEU · Bundle-shift scheme · AR · RR · Regulation

1 Introduction

Uranium-233 is produced by the neutron irradiation of thorium-232. When Th232

absorbs a neutron, it becomes Th233, which has a half-life of only 22 min. Th233

decays into protactinium-233 through beta decay. Pa233 has a half-life of 27 days,
and beta decays into U233. The design of reactor regulating system is such that
the malfunction of any single component will leave the system in safe condition.
However, simultaneous failures of either channel A/B together with transfer circuit
may lead to loss of regulation accident (LORA). In the present analysis, LORA
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scenario of absorber rods (AR) and regulating rods (RR) moving together (half of
total number) have been considered. The analysis is carried out for equilibrium core
of different thorium fuel cycles for 220 MWe PHWR.

2 Cases Considered for LORA Analysis

The following six cases with different bundle-shift schemes (BSS) have been con-
sidered for the LORA analysis.

1a: 1 pin Th+18 pin SEU (1.2 wt%)—2 BSS 1b: 1 pin Th+18 pin SEU (1.2 wt%)—8 BSS

2a: 7 pin Th+12 pin SEU (2.2 wt%)—2 BSS 2b: 7 pin Th+12 pin SEU (2.2 wt%)—8 BSS

3: All pin 2.2% Pu-ThO2—2 BSS 4: All pin 2.4% Pu-ThO2—2 BSS

Figures 1 and 2 describe the position of thoria pins in fuel bundle considered for
study along with SEU pins (Cases 1 and 2).

The point kinetics analysis considers six delayed neutron groups and reactiv-
ity feedback due to fuel and coolant temperatures. The contribution from delayed
photoneutrons is not considered in the analysis. The different thorium fuel cycles
considered for the analysis are listed below. The point kinetics and other parameters,
such as effective delayed neutron fraction, prompt neutron generation time, LORA
worth, and PSS worth, relative to the NU core are shown in Fig. 3.

Fig. 1 Nineteen-element
fuel cluster (1 pin thoria)
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Fig. 2 Nineteen-element fuel cluster (7 pin thoria)
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Fig. 3 Point kinetics and other parameters relative to NU core

The corresponding values of effective delayed neutron fraction, prompt neutron
generation time, LORA worth, and PSS worth for NU core are 5.542 mk, 0.755 ms,
5.5 mk, and 29.7 mk, respectively. Figures 4 and 5 give the reactivity feedback
coefficients due to fuel temperature and coolant temperatures, respectively.
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Fig. 5 Reactivity feedback due to coolant temperature

3 Results and Discussion

The results of LORA analysis for all six thorium fuel cycles are given in Table 1
along with full NU equilibrium core for comparison purposes.

It can be noted from these results that the cases are comparable to the NU equi-
librium core, even though delayed neutron fractions for U233 and Pu239/241 are lower
and the worth of reactivity devices is lower. The LORA reactivity due to withdrawal
of AR and RR has also reduced compared to NU core.
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Table 1 Output of LORA analysis (AR and RR moving together)

Parameter Case 1a Case 1b Case 2a Case 2b Case 3 Case 4 NU core

Trip sensed at
(s)

8.9 7.8 11.64 10.11 8.88 10.08 6.49

Max. relative
Power

111.7 112.1 111.2 111.4 111.3 111.2 112.31

Max. net
reactivity (mk)

0.23 0.24 0.21 0.23 0.12 0.12 0.33

Final net
reactivity (mk)

−20.89 −20.1 −16.77 −15.50 −14.9 −14.7 −21.85

T-fuel (center
line) (°C)

1005 1002 1005 1002 1000 1003 994.5

T-coolant
(average) (°C)

270.9 270.8 271 271 270.9 270.94 270.8
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Fig. 6 Relative power variation with time for (Th+SEU) pin configurations

The final subcriticality margins for all cases are above 10 mk. The centerline
fuel temperatures during the transient have reached about 1000 °C. Considering
the various peaking factors such as axial, radial, and bundle peaking factors, the
maximum fuel temperaturewould be about 2000 °Cwhich ismuch below themelting
point of fuel. The peaking factors are generated from lattice code CLUB, and the
resultant peaking factor considering the effect of all the factors comes out to be about
1.92. Figures 6 and 7 give the relative power variation for all the cases with Th+
SEU and with Th+PU, respectively.
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4 Conclusion

The cases considered for the analysis are comparable to the NU core from transient
analysis point. This is due to the fact that in spite of reduction in effective delayed
neutron fraction (due to higher discharge burnup as well as the presence of fissile
isotopes of Pu in core), the LORA worth for all these cases has also been reduced.
Furthermore, the feedbacks are stronger compared to the NU core. The final subcriti-
cality margins for all cases are above 10 mk. The centerline fuel temperatures during
the transient have reached about 1000 °C. Considering the various peaking factors
such as axial, radial, and bundle peaking factors, the maximum fuel temperature
would be about 2000 °C which is much below the melting point of fuel.
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Improvement in Estimation
of Distribution Algorithm (EDA) for Fuel
Loading Pattern Optimization in AHWR

Amit Thakur, Baltej Singh, Anurag Gupta, V. Duggal, K. Bhatt
and P. D. Krishnani

Abstract The initial core of AHWR-LEU consists of 444 fuel channel locations,
and it is proposed to load two differentially reactive clusters (namely, type-1 (more
reactive) and type-2) in these locations for flux flattening. This loading pattern opti-
mization problem (LPO) has been solved by applying genetic algorithm (GA) and
estimation of distribution algorithm (EDA). It has been observed that genetic algo-
rithm (GA) is more efficient for AHWR initial core LPO problem as compared to
EDA. To improve the efficiency of EDA, different modifications have been suggested
in this paper. As a first modification, the tournament selection method (similar as in
GA) was applied in EDA for diversity. In the second modification, we have tried to
improve the EDA by restricting the random numbers in a specified range without
compromising randomness.

Keywords Loading pattern optimization (LPO) · Evolutionary algorithm
AHWR · Genetic algorithm

1 Introduction

The initial core of AHWR-LEU [1] (Advanced Heavy Water Reactor with Tho-
rium and Low-Enriched Uranium as fuel) consists of 444 fuel lattice locations and
69 locations for control and shutdown devices. For initial flux flattening, minimum
two types of differentially reactive clusters have to be loaded in these 444 fuel lat-
tice locations. The two types of cluster are named as type-1 and type-2. The initial
core loading pattern optimization of AHWR-LEU requires simulation of 262 (~1018)
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different combinations of arranging two types of fuel clusters in 444 locations. Sim-
ulation of one loading pattern requires 1–2 min of computation time; therefore, it
is not practical to simulate all these combinations to choose the optimized loading
pattern. These kinds of problems can be efficiently solved by population-based algo-
rithms like simulated annealing (SA) [2], ant colony optimization (ACO) [3], genetic
algorithm (GA) [4–6], and estimation of distribution algorithm (EDA) [7]. The load-
ing pattern optimization problems in light water reactors (LWRs) and pressurized
heavy water reactors (PHWRs) [8] have been solved by using SA, ACO, GA, and
EDA. In this paper, EDA has been used to optimize the loading pattern initial core of
AHWR-LEU [9]. During our earlier analysis [9], it was observed that the optimiza-
tion results are very sensitive to internal parameters like weighting factor ‘α’ and for
AHWR initial core LPO, adequate value of α is estimated to be 0.5. However, when
we compared the analysis results with GA, it was observed that GA gave similar
results with lesser population size in each generation. For GA, a population size of
240 is sufficient as compared to EDA where population size of 1200 is adequate.
To improve the efficiency of EDA, different modifications have been suggested in
this paper. It has been observed that [9] the higher value of α may lead to a trap in
local minima for lesser population size in each generation. The best solutions of the
previous generation are used to update the distribution function in EDA. Therefore,
to avoid the chances of trap in local minima, tournament selection can be used to
choose the candidates for updation of distribution function. The tournament selection
method can be applied in similar way to GA. As another modification, the algorithm
is made more focused by restricting the random numbers in a specified range without
compromising randomness.

Neutron Transport Theory computer code ITRAN [10, 11] has been used to per-
form the lattice calculations for the AHWR-LEU initial core clusters. The calcu-
lations were performed by using 69-group library based on ENDF-B VI.8 nuclear
data obtained from IAEA [12]. Two group cross sections for both the clusters were
generated using ITRAN. Diffusion theory code FEMINA [13] based on nodal expan-
sion has been used to do the core-level calculations with two group cross sections
generated using ITRAN.

2 Loading Pattern Optimization Problem for AHWR-LEU
Initial Core

As discussed in the introduction, there are 444 fuel lattice locations, 24 control rods
(8 regulating rods (RRs), 8 shim rods (SRs), and 8 absorber rods (ARs)) and 45
shutoff rods for primary shutdown system (SDS-1). The LEU in (Th, LEU) MOX is
considered to consist of 19.75% of U-235 and 80.25%U-238. There are two types of
cluster being considered for flux flattening in initial core of AHWR-LEU. The two
types of clusters have different initial excess reactivity. The description of type-1 and
type-2 cluster has been given in Table 1.
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Table 1 Description of AHWR-LEU initial core clusters

Cluster type Fuel type Gd content LEU content (%) in various rings of
cluster

K∞ (0
MWd/Te
Xe sat.)Inner ring

(12 pins)
Middle ring
(18 pins)

Outer ring
(24 pins)

Type-1 (LEU-Th)
MOX

No Gd 13 13 13 1.084

Type-2 5% Gd in 2
pins of
inner ring

13 13 13 0.9813

If we try to load two types of clusters in 444 lattice locations, then the total number
of possible configurations is 2444 (~10133) with which these two types of fuels can
be loaded in the core. The use of core symmetries can reduce the problem size to
262 (~1018). These numbers of combinations are still very large to be evaluated in a
practical timescale to choose the best loading pattern. A combinatorial optimization
problem like this one can be solved by defining an objective function and then
maximizing it.

The main objectives of initial core loading pattern optimization problem are to
maximize K-effective while keeping safe and continuous operation. In short, the
target parameters for initial core optimization are:

1. Maximization of K-effective;
2. SDS should meet design requirement of 63 mk;
3. Maximum channel power (MCP) should be less than design limit of 2.6 MW;
4. Maximum mesh power (MMP) should be less than design limit of 200 kW.

The objective function has been defined using penalty method in a similar way to
reference [8] and is given below:

OF � A1 · k-eff − A2 · (MCP-2.6) − A3 · (MMP-200)

− A4 · (63.0-worth of SDS-1)

A1,A2,A3, andA4 are constants. The design limits forMCP andMMP are 2.6MW
and 200 kW. For optimization studies, SDS-1 (43 rods, two maximum worth rods
failure criteria) worth requirements of 63.0 mk have been considered.

If MCP of an LP is<2.6, then A2 �0
Similarly, if MMP<200, A3 �0
And worth of SDS-1>63.0, A4 �0
Hence, the penalty due to design parameters not meeting their design limit has

been considered but any LP which is having very high margins in peaking or SDS-1
worth will not be preferred. The criteria are to maximize the K-effective without
compromising safety of reactor and full power operation.
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3 Estimation of Distribution Algorithm (EDA)

EDA belong to class of algorithms which are population-based, and optimized solu-
tion is achieved in an evolutionary way. It has similarities to GA and other swarm-
based algorithms like ACO. The main part of EDA is to generate solution pool using
a distribution function. The distribution function is then updated by taking feed-
back of current best candidates. In this algorithm, all candidates generated by initial
distribution function are evaluated to estimate their objective function values. The
candidates are arranged in descending order as per objective function values. The top
few candidates are selected to update the distribution function. In other words, first
the objective function value for all the candidates in the present candidate pool is
evaluated and then the probability distribution is tailored by considering someweight
to current best candidates. In the present analysis, probability distribution function
has been updated by using univariate marginal distribution algorithm (UMDA [7]).
The description of this EDA in steps is given below:

Step-1 Initial distribution function is used to generate pool of initial candidate solu-
tions (different loading patterns). In this case, the population of N �1200
is considered.

Step-2 All N candidates are simulated using 3D diffusion theory code FEMINA to
estimate their objective function values.

Step-3 Best M<N candidates are selected depending on their objective function
values.

Step-4 The distribution function is updated

DF(t + 1) � DF(t) · (1 − α) + α · X

α is a constant and its value is between 0 and 1. The structure of X is similar
to DF(t)
where

X � 1

M

M∑

i�1

Xi (t)

Xi(t) can be 0 or 1. The value of Xi(t) is assigned depending on fuel type in
a lattice location.

Step-5 The updated distribution function is used to generate pool of new candidate
solution.

Step-6 Go to Step-2 and the cycle is repeated till convergence is achieved or insignif-
icant improvement for few generations.

Computer code FEMINAwas commissioned on distributedmemory parallel com-
puter system AGGRA at BARC for evaluation of N candidates (loading patterns)
independently. In the present study,M is considered as 25% of N . EDA with α �0.5
requires a higher population size of 1200 in each generation to behave in a similar
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Fig. 1 Tournament selection
applied in EDA
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for random numbers in EDA
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way as GA [9]. The convergence is achieved very fast in less than 60 generations.
However, the search is influenced by the best solution in the previous pool. There-
fore, to enhance the diversity, instead of choosing best candidates from the pool,
tournament selection can be applied to choose the better candidates to modify the
distribution function. In this way, solution which is at bottom of the pool can also
be picked. A few simulations were carried out with α �0.5, population size of 240.
It was observed that the optimized loading pattern is same to as observed by GA.
Figure 1 gives comparison of best value of objective function in each generation
for simple EDA and EDA with tournament selection. It is observed that EDA with
tournament selection converges to higher value. However, the best value of objective
function is 1.0095 which is same as observed in GA. Therefore, the efficiency of
EDA has been improved. Now EDA gives optimized loading pattern as achieved by
GA with same population size of 240 instead of earlier requirement of 1200.

In the next modification, we have put the restriction criteria for random numbers
to generate the loading patterns within 20% of present DF. We considered a lower
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value of α �0.1. In this way, search direction will be less biased in direction of best
solutions of the previous generation. To improve the efficiency of EDA, restriction
criteria for random numbers to generate the loading patterns within 20% of present
DF were considered.

For initial core LPO problem of AHWR-LEU, we have 444 channel locations
and two types of fuels, namely type-1 and type-2, where type-1 is having higher k-
infinity than type-2. When we use the quarter core symmetry to reduce the problem
size, there are 111 locations. If we suppose that there are ~80% channels of type-1
and 20% channels of type-2 [14] and define our initial distribution function (DF) in
this way, then while generating loading patterns, we have to generate very small set
(111 numbers only) of random numbers. Such a small set is not truly random, and
it is observed that 40% of loading patterns generated are having variation of more
than ±20% from the average DF value. To avoid local minima, if we consider small
value of α (=0.1), then the convergence of objective function is very slow. In order
to improve the converged value of objective function as well as for faster approach
to converged value and without falling in local minima, we have tried to restrict the
loading patterns generated in a domain of±20% of the averaged DF at each iteration.

For doing this, first we generate a set of 111 random numbers and analyze that the
LP generated by this set is in ±20% of the averaged DF. If it is NOT, then we ignore
this set and generate a new set and the process is repeated, till we get the desired
random number set.

Figure 2 shows the comparison for α �0.1 with and without restriction criteria
of 20%. It was observed that the approach to higher value of objective function is
faster; however, as number of iterations is increased, same value of objective function
and similar loading patterns are achieved. Figure 3 shows the best loading pattern
achieved which is same in both the modifications. However, lesser population size
is required after first modification and lesser number of generations is required after
second modification. Therefore, the efficiency of EDA has improved after modifica-
tions.
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Fig. 3 Optimized loading pattern in quarter core

4 Conclusions

In the present study, a computer code has been developed for initial coreLPOproblem
for AHWR-LEU using EDA. The basic methodology of EDA has not been altered,
but we have successfully improved the efficiency of EDA for best value of OF value.
Presently, the initial core LPO problem (for AHWR) is considered, where we have
considered only two types of clusters. Futurework is planned on for considering these
effects on batch-type refueling problems as well as other evolutionary optimization
algorithms are also being explored. We have tried various modifications in EDA for
improving the performance and search for a better-optimized LP. Restriction criteria
on random numbers and use of tournament selection method are considered. The
present study has lead to slight improvement in the performance.
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A search for a better-optimized loading pattern has led us to a better understanding
of the algorithm. In general, different results may be expected for samemodifications
when applying EDA on different problems.
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Energywise Contributions of Th, Pu
and U Isotopes to the Reactivity
Feedbacks of (Th-LEU) Fuelled AHWR

Anindita Sarkar, Umasankari Kannan and P. D. Krishnani

Abstract Advanced heavy water reactor (AHWR) has been designed with thorium-
based fuel cycle and boiling light water as coolant. The coolant void reactivity (CVR)
and fuel temperature reactivity (FTR) are the main reactivity feedback mechanisms.
In the present work, we have attempted to understand the physics behind CVR and
FTR by estimating the energywise isotopic contributions for AHWR fuelled with
(Th, LEU) fuel. The normalised reaction rate approach was used to quantify the
individual contributions from 232Th, U, Pu, H and other isotopes. It has been shown
that 232Th capture plays a major role in making these coefficients negative. This
led us to study the sensitivities of these isotopes to the reactivity coefficients to the
basic nuclear cross-section set. The sensitivity due to nuclear data to CVR and FTR
from ENDF/B-VI.8 and JENDL 3.3 has been calculated. It is shown that FTR is less
sensitive to the dataset whereas the CVR is 16% lower in the JENDL3.3 dataset as
compared to the ENDF/B-VI.8.

Keywords AHWR-LEU fuel · CVR · FTR · D5 cluster · Isotopic reaction rates

1 Introduction

AHWR is a boiling water reactor with light water as the coolant and heavy water
as the moderator. The LEU design of AHWR has been considered for the current
purpose [1]. The fuel is composed of thorium and LEU oxide with 19.75% of U235

and 80.25% of U238. The LEU cluster having 30%LEU in inner 12 pins, 24%LEU in
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5% Gd in (Th-
LEU)MOX pins

Fig. 1 Cross-section of AHWR-LEU fuel cluster

middle 18 pins and an average of 16% LEU in outer 24 pins is considered for these
calculations [1]. Two of the inner 12 pins contain 5% gadolinium to suppress the
initial excess reactivity. The cross-section of the AHWR-LEU fuel cluster is given
in Fig. 1.

The spread in the safety reactivity coefficients like CVR and FTR due to the uncer-
tainty in nuclear data has been already established [2, 3]. The effect of individual
isotopes and their contributions to the safety coefficients can be calculated based on
the approach detailed by Ganda and Greenspan [4]. In this method, the normalised
reaction rate differences give a direct estimate of the components from each con-
stituent energy and isotope. In an earlier work, the energywise isotopic components
of CVR for an older fuel design of AHWRwith (Th, 233U) MOX and (Th, Pu) MOX
fuel has been done, where the effect of 232Th, 233U and Pu isotopes on CVR had been
quantified in the 69 group WIMS library structure [5].

In this paper, the current fuel design with LEU fuel has been considered. Here too,
the energywise contributions of the individual isotopes to these reactivity feedbacks
have been quantified through isotopic reaction rates. The break-up of the individual
feedbacks have been done in the 172 WIMS energy group structure. This has been
carried out in two parts; in the first part, the contribution of different isotopes to CVR
and FTR has been calculated, and in the second part, the sensitivity in contribution
due to difference in basic nuclear data has been studied.

2 Methodology

A number of techniques to quantify the reactivities either by integral parameters
or by normalised reaction rates exist in literature. In our present study of AHWR
lattice, normalised reaction rate approach byGanda andGreenspan [4] has been used.
This method of determining the constituent contribution to reactivity coefficients is
subdivided into two classes—normalised per absorbed neutron and normalised per
fission neutron. Components of reactivities are determined by normalisation to one
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fission neutron for problems in which the major contributors to the reactivity are
fissile isotopes. In such problems, it is convenient to rank the isotopes by the number
of fission neutrons they emit per neutron absorbed in the system. In normalising ‘per
absorbed neutron’, the system k∞ is expressed as

k∞ � η.f �
∑

j ν jΣ f jφ j
∑

i Σaiφi
� ν1Σ f 1φ1

Σa1φ1
.

Σa1φ1
∑

i Σaiφi
+

ν2Σ f 2φ2

Σa2φ2
.

Σa2φ2
∑

i Σaiφi
+ · · ·

(1)

� η1. f̌1 + η2. f̌2 + · · · (2)

where ηi � νiΣ f iφi

Σaiφi
, f̌i � Σaiφi∑

j Σajφ j
.

Thus, the contribution to reactivity is computed as

ρ � k p
∞ − kn∞
k p
∞.kn∞

�
(
η1. f̌1|p−η1. f̌1|n

)
+

(
η2. f̌2|p−η2. f̌2|n

)
+ · · ·

k p
∞.kn∞

(3)

Here, n stands for normal operating power and p stands for perturbed state.
Normalisation to per fission neutron is used when absorbing nuclei like burnable

poison is the major contributor of reactivities. In this approach, the system k∞ is
expressed as

k∞ � η. f � νΣ fuel
f φfuel

Σ tot
a φtot

(4)

Thus,

1

k∞
� Σa1φ1

νΣ fuel
f φfuel

+
Σa2φ2

νΣ fuel
f φfuel

+ · · · � Σ̄a1 + Σ̄a2 + · · · (5)

where the absorption of system constituent i, per fission neutron is, Σ̄ai � Σaiφi

νΣ fuel
f φfuel

Isotopic contribution to reactivity is calculated as

ρ � k p
∞ − kn∞
k p
∞.kn∞

� (
Σ̄n

a1 − Σ̄
p
a1

)
+

(
Σ̄n

a2 − Σ̄
p
a2

)
+ · · · (6)

The D5 cluster of AHWR has been simulated as circular arrayed cluster using
WIMS-D lattice code [6] with 172 group nuclear data library. The Boltzmann’s trans-
port equation has been solved for this highly heterogeneous cluster using collision
probabilitymethodswithwhite boundary conditions. The reaction rates fromfissions
and captures for each nuclide can be calculated from the effective cross-section and
the neutron flux. The multi-group spectrum has been obtained from lattice simula-
tions, and the spectrum corresponding to core average burnup is shown in Fig. 2.
The neutron spectrum over the lattice has been studied to understand its effect on the
capture or absorption from individual isotopes.
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Fig. 2 AHWR spectrum in 172 neutron energy groups from lattice simulations at core average
burnup

3 Isotopic Components of CVR

As a first step, the fission reaction rates and absorption reaction rates of each isotope
have been estimated using the flux from the transport equation solution. Energy-
wise isotopic contribution to CVR and FTR has been calculated with these reaction
rates using ‘normalisation to per fission neutron’ approach of Ganda and Greenspan
[4]. The major energy regions have been defined as fast region ranging from 20
to 9.118 keV, resonance from 9.118 to 0.625 eV and thermal below 0.625 eV. The
components of CVR in fast, epithermal and thermal energy ranges are −9.8 mk,
−52.9 mk and +55.0 mk, respectively. The total CVR at any instantaneous burnup
step would be an integral sum over all the energies. The individual components have
also been determined using Eq. 6. The isotopic contribution to CVR in 172 energy
groups from few nuclides at core average burnup i.e., at 30 GWD/T has been shown
in Fig. 3.

From the isotopic contribution, it is shown that H and Pu isotopes have a positive
component whereas, 232Th, 233U and 238U have components of negative magnitude.
When the coolant voids, the absorption in hydrogen is reduced which increases the
neutron thermalisation and hence a higher reactivity. Thus component of hydrogen in
CVR is positive and of large magnitude. Due to voiding, the average neutron energy
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Fig. 3 Energywise isotopic contributions to CVR

increases from 0.397 to 0.69 eV, which implies spectral hardening, and this facilitates
the absorption in the resonance region. This effect results in negative contribution
from resonant absorbers like 232Th, 233U, 235U and 238U. The maximum negative
magnitude is from epithermal captures in 232Th. Thermal captures in 235U and 239Pu
decrease with spectral hardening due to voiding, which gives a positive contribution
to CVR in thermal region.

4 Isotopic Component of FTR

The isotopic contribution to FTR in 172 energy groups from all nuclides at core
average burnup has been calculated and a few are shown in Fig. 4. It is very clear
from the figure that the captures in resonance energies give a large negative contri-
bution. Epithermal absorptions in Th232 and U238 are the major negative contributors
of FTR, due to Doppler broadening of the capture resonances of these nuclides. The
energywise component of FTR is−0.17mk,−5.12mk and 0.002mk in fast, epither-
mal and thermal energies, respectively. The 0.3 eV fission resonance of 239Pu gives
a positive contribution to FTR.
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Fig. 4 Energywise isotopic contributions to FTR

5 Sensitivity Studies of the Isotopic Component
of the Reactivities

JENDL 3.3 dataset has been recommended for Th-U fuel systems as the resolved
energy range for 233U has been increased to 150 eV as compared to 60 eV inENDF/B-
VI.8. 232Th cross-sections are also significantly different in the two datasets [3]. From
the sensitivity study done earlier on the total reactivity swings, it was shown that
JENDL-3.3 dataset results in 16 and 5.6% difference in CVR and FTR, respectively
as compared to the ENDF/B-VI.8 data [2].

In this paper, the deviations in the individual isotopic components were studied to
quantify this sensitivity. The comparison between the individual isotopic components
in the CVR and FTR between ENDF/B-VI.8 and JENDL 3.3 for AHWR-LEU fuel
at core average burnup is given in Table 1. The CVR as calculated from JENDL 3.3
data is−6.46 mk and is lower than the value from ENDF/B-VI.8 which is−7.72 mk.
It is observed that the deviation in CVR from JENDL 3.3 set is mainly due to the
contributions from Th232 and U233 which is −18.58 and −30.56%, respectively, and
that due to plutonium isotopes is only −2.33%. However, it is evident from the table
that the isotopic contributions to FTR are not sensitive to the basic nuclear data.
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Table 1 Isotopic contributions to CVR and FTR in AHWR lattice at core average burnup

Nuclides Components of CVR (in mk) Components of FTR (in mk)

Dataset used ENDF/B-VI.8 JENDL 3.3 ENDF/B-VI.8 JENDL 3.3

Th232 −11.09 −9.03 −3.24 −3.03

Pa233 −0.54 −0.57 2.4E−03 2.0E−03

U233 −3.23 −3.57 8.6E−02 8.9E−02

U235 −1.44 −1.00 0.196 0.196

U238 −3.30 −3.40 −1.69 −1.69

Total U −8.81 −8.90 −1.53 −1.54

Pu239 3.07 3.07 −0.31 −0.31

Pu241 0.61 0.61 −2.8E−02 −2.7E−02

Total Pu 2.57 2.51 −0.53 −0.52

H2 17.32 17.53 −0.015 −0.015

Zr −2.84 −3.57 −0.07 −0.07

Fission products −3.13 −3.15 0.09 0.09

Other nuclides −1.20 −1.28 0.02 0.007

Total −7.72 −6.46 −5.27 −5.06

6 Conclusions

The energywise isotopic components of CVR and FTR have been estimated for
AHWR-LEU fuel, and it is observed that Th232 plays a major component of CVR.
The break-up of the components has given an insight into role of fission and captures
to the reactivity feedback coefficients. Sensitivity to the different nuclear datasets
also was studied for the isotopic components. It was observed that the CVR is highly
sensitive to basic cross-sections, and the variation in CVR is mostly attributed to
difference in nuclear data of Th232. It is worth noting that the isotopes of the thorium
cycle, namely 232Th and 233U received more attention and have been revised in the
JENDL 3.3 dataset. The isotopic contributions to FTR for different nuclear data
libraries are comparable.
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Power Flattening Study of Ultra-Long
Cycle Fast Reactor Core

Taewoo Tak, Jiwon Choe, Yongjin Jeong, Jinsu Park, Deokjung Lee
and T. K. Kim

Abstract A design study of ultra-long cycle fast reactor with a rated power of
1000 MWe (UCFR-1000) was performed to flatten its radial power distribution
throughout the cycle depletion of the core. It is expected that the flattening of the
radial power distribution lowers the power peak factor at the center and consequently
the maximum peak temperature of the fuel and clad. Thorium fuel has lower repro-
duction factor than uranium; thus, thorium-loaded fuel zone has relatively lower
power. A lot of test cases were introduced that have thorium-loaded fuel in the inner
fuel region to lower the center power peak. Each test case had a different zoning strat-
egy; different fuel forms were loaded for both the upper blanket region and the lower
low enrichment uranium (LEU) region. The final evaluation models were designed
by loading the thorium-loaded fuel only in the inner blanket for the 1-zone case,
in both blanket and LEU regions for the 2-zone case, and in an additional zone for
the other cases. It was demonstrated that the fuel zoning has a significant impact on
the power flattening, and a gradual fuel zoning can achieve a flattened radial power
distribution, and can consequently reduce the maximum power peak.
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Nomenclature

BOC Beginning of cycle
EOC End of cycle
LEU Low enriched uranium
MOC Middle of cycle
NC Narrow center
NU Natural uranium
UCFR Ultra-long cycle fast reactor
WC Wide center

1 Introduction

The sodium-cooled fast reactor (SFR) technology became themost promising reactor
concept for the future among the six Generation IV (Gen IV) reactor systems and
the SFR research has been performed in many countries. Various SFR concepts have
been proposed, and each design has several advantages and disadvantages at the
same time by the SFR nature. Among the SFR concepts, some burnup strategies have
been applied for the long cycle operation. The ultra-long cycle fast reactor (UCFR)
has been developed with the target of a 60-year operation without the refueling,
and it has a power rating of 2600 MWth [1]. The UCFR adopts a breed-and-burn
strategy to achieve such a long cycle, and the strategy can be achieved by using low
enrichment uranium (LEU) as an igniter, and natural uranium (NU) as a blanket
material. The operational feasibility of the UCFR had been reported only from the
neutronics point of view, and subsequently the optimization of UCFRwas performed
to consider thermal-hydraulic feedback analysis and to mitigate the power peaking
issue. In addition, a study of the spent fuel utilization for the blanket region in UCFR
has been performed [2]. It was noticed that the high reactor power rating combined
with high peaking could cause a very high local power deposition and consequently
violates the limits of temperature or fast neutron fluence in the fuel and clad regions
[3]. A power flattening is one of the ways to mitigate the radial power peaking factor
for which there are several design strategies. Thorium fuel was proposed as a blanket
material at the center of the core to flatten the radial power distribution of UCFR-
1000, which results in the reduction in the radial peaking factor at the core center at
the middle of cycle (MOC) [4].

In this study, several designs of UCFR-1000 were developed to flatten the power
distribution, not only at MOC but also throughout the whole cycle. They have an
inner fuel region whose radius is 36.7% of the whole fuel region in contrast to the
previous thorium-loaded UCFR-1000 with an inner fuel region of only one-fourth of
the radius of the whole fuel region. In addition, the LEU zoning has been performed
to flatten the radial power distribution at the beginning of cycle (BOC) too.
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Table 1 Core design
parameters

Parameters Value

Thermal power (MWth/MWe) 2600/1000

Cycle length (effective full power years) 60 (once through)

Equivalent core diameter (m) 5.9

Fuel pin overall length (cm) 340

Active core height (cm) 240

Average linear power (W/cm) 158.7

Core volume (kL) 42.4

Average volumetric power density
(W/cc)

61.3

LEU enrichment (wt%) 11.9

2 Core Design Strategy

UCFR-1000 is the reference core for this study, and the core design variations have
been introduced to flatten the radial power shape. In this paper, thorium is used in
the core center region to make the radial power shape of the core flattened with its
relatively weak breeding performance. In addition, fuel zoning was performed by
the fuel form variation of a driver or a blanket for each case.

2.1 Core Design Requirement

For the power flattening study, five core designs with variations in the inner core
region and in the LEU zoning region are introduced along with their geometry and
fuel compositions. Table 1 shows the core design requirements of UCFR-1000 that
all five designs should have in common: the power rating, the cycle length, and
the geometry. The base fuel form is U-10Zr with thorium fuel partially added. The
enrichment of LEU was determined to satisfy the criticality through the cycle of the
cores, except for in the last test case.

2.2 Core Layout

Figure 1 shows the top view core layout of UCFR-1000 in the x-y cross section. The
equivalent core diameter is 5.9 m and that of the outer and inner cores are 5.0 m
and 1.8 m, respectively. There are a total of 19 control assemblies: 13 primary and 6
secondary. The primary system uses natural boron as an absorber material, and the
secondary system uses 90% enriched boron. The reflector, cladding, and structure
material are HT-9, and sodium is used for the coolant material.
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Outer Driver (642)

Primary Control (13)

Secondary Control (6)

Total (1093)

Reflector (324)

Inner Driver (108)

Fig. 1 Radial core layout of UCFR-1000

Fuel zoning was performed from the reference core which has only one fuel form
of U-10Zr. It was performed only for the blanket region in 1-zone case (Case 1), and
for the LEU region as well as the blanket region in 2-zone case (Case 2), and the
other complex zoned cases. Figure 2 shows the core layout in the x-z cross section,
which shows the fuel zoning state of each case. Case 1 core has only one fuel form
of U-10Zr in the bottom driver region, while Case 2 has various forms of fuels for
power flattening even at BOC. The other cases have different case names according
to “LEU and blanket” zoning condition, with wide center (WC) and narrow center
(NC) regions. They have one more LEU zone at the bottom of their LEU region, so
that the power shape is more flattened than that of Case 2. Each case has a different
inner blanket region size. The inner blanket has thorium-loaded fuel to flatten the
power shape at the MOC.

3 Results and Discussion

The analysis of the UCFR core designs and performance evaluation were done using
McCARD code, which solves a continuous energy neutron transport equation using
Monte Carlo method [5]. Figure 3 shows the multiplication factor behavior of each
core model. The reference case has a lifetime of 60 years, and the multiplication
factors are smaller than 1.03. The initial k-effective values of thorium-loaded cores
are smaller than those of the reference core, which is caused by the thorium fuel
loading. Case WC &WC and Case NC &WC have many points that do not achieve
criticality in their operation time, which is due to the fact that they have a relatively
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Fig. 2 Core layouts of UCFR-1000 in x-z plane

large central thorium fuel region that is insufficient to make criticality. In the other
cases, it can be found that larger inner core regions have lower multiplication factors.

The power flattening effect has been analyzed in the following figures. Figure 4
shows the normalized radial power distribution every 20 year. The values have been
normalized with the axially integrated power of each assembly. There are control
assemblies not only in the center, but also at 99 and 198 cm from the center; so the
center spot in each graph is extrapolated, and the two other spots in each graph are
interpolated by averaging the two values of both sides. The figures show that the
test cases achieve radial power flattening in comparison with the reference core. The
peak of the reference core appears in the center fuel region at BOC and moves to the
peripheral region as the core burns. The peak of the Case 1 core also moves from
the center to the peripheral region, but the peak factor at the center has decreased,
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Fig. 4 Normalized radial power distribution

especially at year 20, from 1.57 to 1.14 due to the effect of thorium fuel in the inner
core region. On the other hand, the peaks of the Case 2 and Case NC & NC cores
appear in the peripheral region at BOC due to the LEU zoning and then move to the
center. These two cases show more flattened radial power distribution than Case 1
throughout the operation time, except for the initial state. At the end of cycle (EOC),
at year 60, it is noticeable that Case 2 and Case NC&NC have more flattened shapes
while the reference and Case 1 have peripheral peaks.
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Fig. 5 Average normalized
radial power distribution
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Table 2 Maximum
normalized power

BOC MOC EOC

Reference 3.70 2.03 2.46

1-zone 3.75 1.98 2.13

2-zone 3.66 1.93 1.97

NC & NC 3.49 1.91 2.05

There are differences between Case 2 and Case NC & NC in the radial power
distribution especially at year 0 and year 60. Case NC & NC has one more zone in
its LEU region while Case 2 has only two zones. This is noted in the radial power
distribution figure for year 0. The peripheral peak of Case NC & NC is lower than
that of Case 2, and the distribution of Case NC & NC at year 0 and year 60 is more
flattened than Case 2. At year 60, Case NC&NC has a maximum peak of 1.15 while
the reference case has a peripheral peak of 1.34.

Figure 5 shows the average value distribution of the normalized radial power
distribution every 10 years. The standard deviation from their average is 0.30, 0.24,
0.23, and 0.21 for the reference case, Case 1,Case 2, andCaseNC&NC, respectively,
which means that Case NC & NC has the most flattened shape for the radial power
distribution throughout the operation time.

Figure 6 shows the normalized axial power distribution of the center fuel assembly
at BOC, MOC, and EOC that shows the active core movement. At BOC, the active
core of each case stays within the bottom 70 cm of the core where the peaking factor
is greater than other states, and this needs to be lowered. The active core moves to the
top of the core as the core burns and breeds. The speed of the active core movement
is fastest for the reference case and is slower for Case 1 due to the thorium blanket
loading and flattened radial power shape. Case 2 and Case NC & NC have slower
movements of the active cores than Case 1 because they have more flattened radial
power shapes, which make the speed of the active core movements slower. The
maximum normalized power is summarized in Table 2.
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Fig. 6 Normalized axial
power distribution
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4 Conclusions

The flattening study of the radial power distribution of UCFR-1000 has been per-
formed and compared for the several test models. The test models were designed by
loading the thorium fuel only in the inner blanket for the 1-zone case, in both blanket
and LEU regions for the 2-zone case, and in an additional zone for the other cases. It
has been confirmed that more gradual fuel zoning can achieve more flattened radial
power distribution and consequently decreases the maximum power peak. Case 1
has a center peak at BOC like the reference core, but the peaking factor decreases
due to the thorium fuel in the inner fuel region, which is shown by the fact that at
year 20, it has decreased from 1.57 to 1.14. In contrast to the reference and Case 1
cores, the peaks of Case 2 and Case NC & NC cores occur in the peripheral regions
at BOC, which cause more flattened power shapes at MOC and EOC than in Case 1.
At EOC, Case NC&NC has a maximum peak of 1.15 while the reference case has a
maximum peak of 1.34. As a next step for this study, reactivity coefficient analyses
from thermal feedback would be required to demonstrate inherent safety features.
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3D Space-Time Analysis of Anticipated
Transient Without Scram in CHTR
with Fuel Temperature Feedback

D. K. Dwivedi, Anurag Gupta and P. D. Krishnani

Abstract The compact high temperature reactor (CHTR) is being developed as
technology demonstrator and critical facility for Indian high temperature reactor
program. Physics design of envisaged core of Th-U233-based TRISO-coated particle-
fueled CHTR is in advance stage, and various core configurations have been pro-
posed. Reactor core operation at high temperature necessitates sophisticated safety
and anticipated transient analyses including postulated loss of regulation accident,
LOCAaswell as intentional power setback transient inCHTR.An efficient IQSmod-
ule in 3D space-time analysis codeARCHwith adiabaticDoppler feedback capability
has been developed for reactor transient simulation. For temperature feedbacks in
reactivity transients in CHTR, 1D radial heat conduction in multichannel-based TH
module has also been incorporated with IQS module in code ARCH. The coolant
hydraulics in incorporated TH module of ARCH-IQS is limited to given mass flow
rate and inlet temperature in every channel. The capability of fuel temperature feed-
back in the code has been checkedwithAER benchmark analysis. Some of the results
of ARCH-IQS code for benchmark (AER-DYN-002) with Doppler feedback are pre-
sented in this paper. 3D space-time analyses of anticipated transient without scram
(ATWS) cases of CHTR have been carried out with only fuel temperature feedback,
and results are also discussed in this paper.

Keywords Thorium · High temperature reactor · ATWS
AER benchmark analysis · Integrated neutronics–TH

1 Introduction

India is pursuing a comprehensive high temperature reactor program to fulfill its
needs for several crucial applications of nuclear energyother than those for grid-based
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Fig. 1 Cross-sectional view of CHTR core

electricity generation, such as hydrogen production from thermochemical splitting
of water and unattended nuclear power packs [1–3]. As a technology demonstrator
and critical facility, 100 kWth compact high temperature reactor (CHTR) is being
designed based on the guidelines such as use of thorium fuel cycle, passive core
heat removal by natural circulation of coolant, compact design to minimize weight,
and longer core life [3, 4]. As CHTR is a new conceptual design with high core
temperature distribution during normal operation, it requires sophisticated safety and
anticipated transient analyses including postulated control rod ejection accident such
as loss of reactivity devices accident (LORA), loss of coolant accident (LOCA), as
well as power setback transients. Several reactor transient and safety simulation tools
have been developed and reported in the literature in the way of coupled neutronics
(N)–thermal-hydraulics (TH) as well as integrated N–TH code system under larger
multiphysics multiscale framework [5]. In the view of that 1D radial heat conduction
in multichannel-based module for temperature feedbacks have been incorporated
in IQS module of 3D space-time analysis code ARCH [5, 6]. The IQS module of
ARCH has been benchmarked by AER benchmark problems in case of without any
temperature feedback [7] as well as with Doppler feedback in simulation.

In case of model based on 1D radial heat conduction [8] in multichannel for TH
feedback in ARCH-IQS, the radial heat conduction equations are simultaneously
being solved for every axial mesh in each fuel assembly/channel for computation of
heat transfer from fuel to coolant in the core [5, 9, 10]. For simplifying the problem
in the model, adiabatic boundary conditions have been considered at outer radial
boundary of moderator region and also at axial boundaries of conducting meshes
in the CHTR fuel assembly, without any significant error in the simulations. The
outlet coolant temperature of every axial mesh of the channel/fuel assembly is con-
sidered to be the inlet for the next axial mesh in the channel. For computation of
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heat transfer coefficients at conducting–convective interface of the meshes, Cheng
and Tak correlation [11] is being considered for LBE-cooled CHTR core. For tem-
perature feedback of reactivity, the linear interpolation scheme for the instantaneous
value of multigroup cross-sectional data is being adopted with help of generated
temperature-dependent cross-section dataset [5].

2 CHTR Core Description

In the current envisaged design, 100 kWth power CHTR core consists of 19 BeO
moderator blocks in the hexagonal form with centrally located graphite fuel tubes
(Fig. 1). The central portion of graphite tube acts as coolant channel with liquidmetal
(Pb–Bi eutectic) flowing between the bottom to top plenum upward and returning
through downcomer tubes [3]. The coolant temperature at core inlet is 900 °C. The
average outlet temperature of coolant is envisaged to be at 1000 °C. There are 12 equi-
spaced longitudinal fuel bores of 10 mm diameter in each graphite tube. These bores
are to be filled with approximately 35 mm long fuel compacts in the form of graphite
matrix embedded with TRISO-coated particles. The core average fuel temperature is
about 1000 °C. The TRISO particles are like microspheres of (U+Th) carbide kernel
(500 µm diameter) coated with three types of layers of soft pyrolytic carbon (90 µm
thickness), SiC (30 µm thickness), and hard carbon layer (inner/outer 30/50 µm
thickness) [3]. In the present design of CHTR, core contains 2.7 kg of U233 in 8 kg of
(U+Th) fuel for effective 15 full power years of operation. Gadolinium as burnable
poison ismixedwith fuel in kernel of theTRISOparticles of central fuel assembly [3].

In conceptual design, the reactor has 12 control rods made of Ta and W in outer
coolant channels for power regulation and setback. It has two independent shutdown
systems, i.e., primary and secondary. Primary shutdown system contains six shutoff
rods similar to CRs and will be inserted in six inner coolant channels. Whereas
secondary having 12 axially moving cylindrical BeO reflector blocks being taken
out of the core for activation. It has six burnup compensation rods axially inserted
into fixed BeO reflector blocks for coarse control of initial excess reactivity [5]. It is
envisaged that CHTRcore temperature is to be kept at 200 °C at hot zero power during
startup. The simulation of postulated ATWS case in CHTR has been carried out for
the core configuration during startup [12] with adiabatic Doppler feedback. Another
case of postulated ATWS under hot operating CHTR core configuration during BOC
has also been studied with only Doppler feedback computed with incorporated 1D
radial heat conduction-basedTHmodel in codeARCH-IQS, and results are discussed
in detail in the next section.
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3 Results and Discussions

The current international trend is to perform integrated neutronics–thermal-
hydraulics studies under larger multiphysics multiscale framework. In-house multi-
physics capability is being developed for safety and transient studies of CHTR, and
efforts have been made to incorporate more efficient improved quasi-static (IQS)
model [7] in the 3D space-time analysis code ARCH [6] with adiabatic fuel temper-
ature feedbackmodel aswell aswith 1D radial heat conductionmodel for temperature
feedbacks [5, 10].

3.1 AER Benchmark Analysis

The viability of 3D space-time kinetics code ARCH-IQS without [7] as well as
with Doppler feedback has been examined with AER benchmark (Dyn002) [12],
and the predictions of transient power, integral power, core reactivity, and peak fuel
temperature have been compared with KIKO3D [13]. The predictions with ARCH-
IQS for parameters like nuclear power and maximum fuel temperature in the core
during transient have been found in good agreement with benchmarked code with
fuel temperature feedback in simulation, and graphs are shown in Fig. 2a, b.
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3.2 Analysis of ATWS in CHTR with Adiabatic Fuel
Temperature Feedback During Startup

The ATWS case in (Th-U233) fueled CHTR has been simulated with consideration
of adiabatic fuel heating for Doppler feedback and also compared with point kinetics
code PATH [12]. In this case, 2.47 mk reactivity has been inserted in the core in
2.8 s, and transient rise in power is arrested only by Doppler feedback from adiabatic
heating of fuel. The 5-group condensed homogenized cross section of CHTR lattice
at various core temperature have been generated with collision probability based
code ITRAN [14] for the computation of temperature dependence of cross-sectional
parameters in Doppler feedback. The estimation of reactivity due to withdrawal of
control rod and fuel temperature coefficient (FTC) have been computed with code
ARCH. The value of FTC is found to be −1.7 × 10−5/°C (around 200 °C), and in
case of LORA, the reactivity addition is found to be 2.47 mk (with βeff � 4.66 mk)
during approach to criticality. The power variation and maximum fuel temperature
in the core during ATWS in (Th-U233) fueled CHTR with ARCH-IQS have been
compared with point kinetics analysis and presented in Fig. 3a, b. The differences
between the maximum fuel temperature predicted by ARCH-IQS and average fuel
temperature predicted with PATH are due to effect of power peaking in the core.

3.3 Analysis of ATWS in Hot Operating Core of CHTR
with Heat Conduction Model of TH Feedback

The case of ATWS in (Th-U233) fueled CHTR has also been studied with incorpo-
rated model of 1D radial heat conduction for TH feedback [5, 10] in ARCH-IQS. In
the present TH module, the solution of time-dependent heat conduction equation of
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each hexagon axial meshes in the fuel zone is based on corner-mesh finite difference
method. In the model, heat conductions in axial and azimuthal direction as well as
inter-hexagonalmeshes are ignored for simplicity. It is considered that heat generated
in each hexagon mesh of CHTR fuel assembly is only being ultimately transferred to
coolant flowing in its coolant channel mesh. The coolant equations have been taken
as lumped model [9, 10] with given inlet temperature and mass flow rate in each
channel in the core. The heat transfer coefficients have been computed using Cheng
and Tak correlation for liquid metal as coolant in CHTR [8, 11]. The temperature
dependence of properties of LBE coolant such as specific heat capacity (Cp), den-
sity (ρm), viscosity (μ), and thermal conductivity kc are being computed as per the
equations given in OECD/NEA handbook, 2007 [5, 15]. The steady-state simulation
with temperature feedbacks has been performed before initiating the simulation of
ATWS, and steady-state temperature profile in various region are shown correspond-
ing to graphs at t � 0 (Fig. 4c–h). In the test case of LORA in CHTR, about 2.5 mk
positive reactivity is to be added within 2.8 s due to inadvertent withdrawal of a
control rod in the hot critical core operating at full power during BOC. The transient
is followed by failure of scram (ATWS), and power rise is being arrested by only
fuel temperature feedback. The transient power with time has been predicted up to
600 s from initiation. The total power is rising during initial 22 s and then decreasing
due to negative fuel temperature feedback and stabilizing about 2.5 times of initial
value (Fig. 4a). The maximum fuel temperature is found to be rising up to 1300 °C
and stabilizing around 1275 °C (Fig. 4b).

The axial temperature profile of fuel and coolant of hottest channel and its variation
during ATWS transient are shown in Fig. 4c–f. Figure 4c shows the variation of axial
profile of fuel temperature during heating of the core from0 to 160 s of transient; here,
it has been observed that maximum fuel temperature location is shifting toward the
center of the fuel assembly, and it is because of the center-peaked power production
profile in the channel.Whereas from approximately 160–600 s (during cooling of the
core at almost constant power production, Fig. 4d), the maximum fuel temperature
point shifts toward the top of the core. In case of the coolant temperature profile
(Fig. 4e), during about 20–160 s of transient, maximum coolant temperature point
is before the outlet point; this is because fuel temperature are lesser than the coolant
inlet temperature near top of the channel, and coolant heat is being transferred to
fuel. From Fig. 4f, it can be seen that as the core is approaching to the steady-state
operation after transient (about after 500 s), the maximum coolant temperature is in
the top mesh/outlet point of the channel.

The radial temperature profile in central axial mesh of the hottest fuel assembly
has also been predicted and shown in Fig. 4g, h. The steady-state radial temperature
profile (at 0 s of transient), the maximum temperature point is at outer surface of
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the annular fuel region and all outer point are at the same temperature, because it
is assumed in the model that no heat transferring at the outer radial surface of the
fuel assembly. As long as transient started and power started rising, the maximum
temperature point is found to be in the annular fuel region which has asymmetric
parabolic temperature profile (i.e., region of heat source) during time t > 0 to 160 s
of transient (Fig. 4g). In Fig. 4h, it shows that the heat is finally transferred to the
coolant of each channel, and BeOmoderator region has maximum temperature from
250 to 600 s of transient.

4 Conclusions

The cases of ATWS in critical core of CHTR during first approach to criticality and
in hot operating core have been carried out with Doppler feedback capability of 3D
space-time analysis code ARCH-IQS. Results of benchmark analysis of ARCH-IQS
have been found to be matching well with other benchmarked codes. The results
of 3D space-time analysis of LORA followed by failure of scram (ATWS) case
during approach to criticality of CHTR with adiabatic fuel heating feedback model
inARCH-IQShave been comparedwith point kinetics analysis codePATH.Transient
analysis is also carried out with recently developed TH module with 1D radial heat
conduction model for temperature feedback in IQS module. The 3D space-time
analysis of ATWS case in full power operating core of CHTR during BOC has
also been carried out, and in this case 1D radial heat conduction-based TH module
of ARCH-IQS is utilized for Doppler feedback. The transient power, maximum
fuel temperature, maximum coolant temperature, moderator temperature, and radial
as well as axial temperature profile in each fuel assembly of hot operating CHTR
core have been estimated and analyzed. It has been found that fuel and coolant
temperatures are to be well within the safety limits during analyzed cases of CHTR
transients.
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Investigations of BaF2–ThF4 System
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Abstract The standard molar Gibbs energy of formation of BaThF6(s) has been
experimentally determined using a solid electrolyte galvanic fluoride cell: (−)Pt,
NiO(s) + NiF2(s)|CaF2(s)|ThOF2(s) + BaThF6(s) + BaF2(s), Pt(+), with CaF2(s) as
solid electrolyte. From the measured emf values, the Gibbs energy of formation has
been calculated as �fGo

m (BaThF6, s, T ) {±5.1} (kJ mol−1) � −3379.9 + 0.5411
(T /K). Using the experimentally obtained data, the both axis potential diagram of
Ba–Th–F–O system has been calculated and binary phase diagram of BaF2–ThF4
system has been computed.
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1 Introduction

Molten salt breeder reactors (MSBRs) are generation IV-type reactors where the
fissile and fertile isotopes are dissolved in molten salt system and circulated through
the reactor core and the primary loop generating high energy steamwith high thermal
efficiency (~45%) [1]. In a molten salt reactor, a mixture of fissile component, UF4(s)
and fertile component, ThF4(s) are dissolved in molten fluoride medium which is
nothing but the fluoride salts of alkali and alkaline earth metals. Here the uranium
is present as 233U which on fission in the coolant salt produces a number of fission
products and heated up the reactor core. These fission products could be grouped by
the several classes as shown in the table.

Noble gases Rare earths Noble and
semi-noble
metals

Volatile fluorides Stable fluorides

Kr, Xe La, Ce, etc. Mo, Nb, Ru, Pd,
Te, Sb

Nb, Ru, Tc, Mo,
I, Te

Rb, Sr, Y, Zr, Cs,
Ba

The molten fluoride is an ionizing solvent medium. The formation of complex
ion in this medium increases its conductivity, hence the heat transfer properties, but
formation of compound decreases the electrical conductivity of the medium. So,
the interaction of dissolved fission product with coolant or fuel salts is important
for heat transport properties of the molten salts. The present study is focused on
BaF2–ThF4 system which is characterized with single complex fluoride: BaThF6.
The thermodynamic information of BaThF6(s) is not reported in the literature. The
�fGo(T ) of BaThF6 has been experimentally measured in this study using solid elec-
trolyte galvanic cell containing CaF2 electrolyte. The pseudobinary phase diagram
of BaF2–ThF4 system has been computed using measured �fGo(T ) of BaThF6(s)
and required data estimated in this study. The both axis potential diagram or chem-
ical potential diagram of Ba–Th–F–O system has been calculated to determine the
stability domain of BaThF6(s).

2 Experimental

2.1 Preparation of the Compound (BaThF6(s))

The compound has been prepared by the co-precipitation route. The aqueous
solutions of barium carbonate (BaCO3) and thorium nitrate (Th(NO3)4) were
prepared separately and were mixed in equivalent amount, and to the mixture, 40%
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Fig. 1 XRD pattern of
BaThF6(s)

hydrofluoric acid solution was added in stoichiometric amount which resulted in
the formation of a white precipitate. This precipitate was filtered and dried under IR
lamp and characterized by X-ray diffraction technique. The experimentally obtained
XRD pattern (Fig. 1) of BaThF6(s) shows good agreement with the reported XRD
data in JCPDS file no: 44-0244 [2].

2.2 Establishment of Equilibrium Phase Mixture for Emf
Study

For the establishment of phase field, ternary phase mixtures of dried BaF2(s),
ThOF2(s), and BaThF6(s) contained in inconel crucibles were sealed in quartz
ampoules under the dynamic vacuum of 10−6 mbar pressure. The sample in the
ampoules were equilibrated 800 K for 200 h and slowly cooled to the room tempera-
ture. XRDanalysis (Fig. 2) of the equilibratedmixture containingBaF2(s), ThOF2(s),
and BaThF6(s) did not show any extra XRD peak other than the starting material.

2.3 Emf Cell Setup

For the measurement of �fGo
m (BaThF6, s, T ), a single compartment cell has been

constructed, and the cell has been represented as:

Cell: I (−)Pt,NiO(s) + NiF2(s)|CaF2(s)|ThOF2(s) + BaThF6(s) + BaF2(s),Pt(+)

(1)
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Fig. 2 XRD pattern of the
phase mixture after heating

The ternary phase mixture {ThOF2(s) + BaThF6(s) + BaF2(s)} and binary phase
mixture {NiO(s) + NiF2(s)} were separately pelletized to make cathode and anode
of the emf cell (Eq. 1). Prior to the emf measurements, fluoride cell assembly has
been calibrated using the following cell:

Cell: II (−)Pt,Fe(s) + FeF2(s)|CaF2(s)|Ni(s) + NiF2(s),Pt(+) (2)

The cathode and anode of the cells were kept pressing against the two polished
surface of the CaF2(s) electrolyte by an alumina tube and a quartz holder. The detail
of the fluoride cell is given in our previous study [3]. The emf of the cell wasmeasured
using a high impedance Keithley model 614 electrometer.

3 Results and Discussion

3.1 Calibration

The emf values produced for the cell II were due to the overall cell reaction:

NiF2(s) + Fe(s) � FeF2(s) + Ni(s) (3)

Emf values obtained from the cell II as a function of temperature were given in
Table 1 and were expressed by a linear expression:

E/V ± 0.001 � 0.3107 + 2.634 × 10−5(T/K) (4)



Investigations of BaF2–ThF4 System 397

Table 1 Emf at different temperature for cell: (−)Pt, Fe(s) + FeF2(s)|CaF2(s)|Ni(s) +NiF2(s), Pt(+)

T /K mE/V T/K mE/V T /K mE/V T /K mE/V

917.3 334.8 951.8 335.6 954 335.8 975.3 336.6

927.9 335.2 946.1 335.6 958.3 335.9 976.2 336.2

936.9 335.4 949.1 335.7 964.5 336.1

942.9 335.5 953 335.9 968.9 336.2

Fig. 3 Comparison of
�fGo

m(NiF2, s,T) obtained
from experimental technique
and that of from the literature
[4]

The Gibbs energy of reaction (3) can be calculated from the relation:

�rG
o
m(T ) � −n · F · E (5)

where n is the number of electrons involved in the reaction,F is the Faraday constant,
F � 96,484 °C/F. �rGo

m (T ) can be expressed as:

�rG
o
m(T ){±0.2}kJ mol−1 � −61.3 + 5.14 × 10−3(T/K) (6)

The measured emf values (from Eq. 6) were used to calculate �fGo
m (NiF2, s, T )

values and it is given as

�fG
o
m(NiF2, s, T ) kJ mol−1 � (−643.6 ± 0.2) + (0.1401 ± 0.0003)T/K (7)

The Gibbs energy value (−537.1 kJ mol−1) calculated from Eq. 7 at 750 K has
been found to match well (within 2.4 kJ mol−1) with that (−539.5 kJ mol−1) of
reported by Barin et al. [4] which showed reasonable agreements. The comparison
of experimental data and the literature has been shown in Fig. 3. It demonstrates that
thermodynamic data generated by the cell is reliable.
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3.2 BaThF6

The emf of cell I has been used for the measurements of �fGo
m (BaThF6, s, T ). The

emf values were generated due to following cell reactions at anode and cathode:

At cathode, BaThF6(s) + (1/2)O2(g) + 2e− � BaF2(s) + ThOF2(s) + 2F− (8)

At anode, NiO(s) + 2 F− � NiF2(s) + (1/2)O2(g) + 2 e− (9)

The net cell reaction is given as:

BaThF6(s) + NiO(s) � BaF2(s) + ThOF2(s) + NiF2(s) (10)

The generated emf values as a function of temperature can be given as:

E/V ± 0.007 � 0.4996−4.07 × 10−4(T/K) (11)

The Gibbs energy of reaction for the net cell reaction (Eq. 10) can be calculated
from the relation of Eq. 3 and can be expressed as:

�rG
o
m(T ) kJ mol−1 ± 0.8 � −96.4 + 0.0786(T/K) (12)

�fGo
m (BaThF6, s, T ) has been calculated by incorporating�fGo

m (T ) for NiF2(s),
NiO(s), BaF2(s), and ThOF2(s) from the literature [4]. The calculated Gibbs energy
expression of BaThF6(s) can be given as:

�fG
o
m(BaThF6, s, T ){±5.1}(kJ mol−1

) � −3379.9 + 0.5411(T/K). (13)

4 Computation of Phase Diagram of BaF2–ThF4 System

The phase diagram is a representation of the thermodynamic properties of a system.
TheGibbs energy functions of all phases involved in the systemmust be known for the
calculation of the same. In some cases, where the Gibbs energy functions for a phase
are not known, using the optimization procedure the thermodynamic description of
the phases can be calculated. Such optimization method is known as CALPHAD
method [5, 6]. The phase diagram can be constructed by the minimization of Gibbs
energy of possible phases present in BaF2–ThF4 system where all the phases obey
the laws of minimum Gibbs energy. The binary phase diagram described the stable
phases which were formed due to interaction of different mole fraction of BaF2 and
ThF4 over a range of temperatures. For the stoichiometric compounds, ThF4, BaF2,
and BaThF6, Gibbs energy of both solid liquid states and solid and liquid solutions
between BaF2 and ThF4 must be known for the computation. The Gibbs energy of
a solution phase is calculated from the Gibbs energy of the pure BaF2 and ThF4
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weighted by their mole fractions and a mixing term and can be represented by the
following equation:

Gsol(T ) � xBaF2 · Go(BaF2, T ) + xThF4 · Go(ThF4, T )

+ R · T · (xBaF2 · ln xBaF2 + xThF4 · ln xThF4
)
+ Gex (14)

The excess contribution (Gex) is the only unknown term (in Eq. 14) which is
responsible for the deviation of the real systems from their ideal behavior. So it is
highly important to determine the unknown excess Gibbs energy term. The excess
Gibbs energy of the liquid solution can be described using the classical polynomial
model as:

Gex �
∑

i j

xBaF2 · xThF4 · Li j (15)

The term Li,j can be described with the general equation

Li, j � A + B · T + C · T · ln T + D · T 2 + . . . (16)

where the parameters (A, B, C, D…) are subject of the optimization during the ther-
modynamic assessment of experimental and estimated data from different sources.

The classical polynomial model has been used to describe the (Ba,Th)Fx liquid
solution. Two main routes have been followed to calculate the coefficients of Gex,
trial and error approach and mathematical iteration. In the first path, the coefficients
are selected arbitrarily on experience basis and then refined. The later route is math-
ematical iteration approach. Both methods were used to calculate Gex values for
computation of the binary phase diagram of BaF2–ThF4 system which is shown in
Fig. 4. It shows that there is no solid solubility found in the system, and BaThF6(s)
compound is formed in the solid state. This system has two eutectic points. The
enthalpy of mixing has been calculated from the phase diagram. The lines on the
phase diagram represented various equilibrium phase boundaries.

5 Activity Versus Mole Fraction Plot

Activity of the ThF4–BaF2 mixture above eutectic temperature (here 1300 K) has
been calculated. It has been plotted as a function of mole fraction, and a linear plot
(Fig. 5) has been obtained.
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Fig. 4 The pseudobinary phase diagram of BaF2–ThF4 system

Fig. 5 Activity versus mole
fraction
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6 Enthalpy of Mixing Versus Mole Fraction Plot

Enthalpy of mixing of ThF4 and BaF2 system has been calculated. �Hmix has been
plotted with mole fraction of ThF4, and it shows a linear plot as given in Fig. 6.
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Fig. 6 Enthalpy of mixing versus mole fraction

Fig. 7 Chemical potential diagram of Ba–Th–F–O system

7 Computation of Stability Domain of BaThF6(s)
in Ba–Th–F–O System

The chemical potential diagram of Ba–Th–F–O system gives the stability domain of
the various phases as a function of the chemical potentials of oxygen and fluorine that
have been computed based on Gibbs energy minimization technique. In both axis
potential diagram, the phases of Ba–Th–F–O system has been plotted as a function
of log(p(F2)) along y-axis and log(p(O2)) along x-axis. The required Gibbs energy
data of unary and binary compounds in Ba–Th, Ba–F, Th–F, Ba–O, Th–O, and F–O
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systems have been taken from the literature. The ternary compounds in Ba–Th–F,
Ba–Th–O, and Th–O–F systems have been estimated in this study using the method
given in the literature. The BaThF6 was found to be stable above �μ(F2) � −
957.35 kJ mol−1. It shows that BaThF6(s) coexists with BaF2(s) (Fig. 7).

8 Conclusion

BaThF6(s) was synthesized and characterized in this study. The Gibbs energy for-
mation of BaThF6(s) and binary phase diagram of BaF2–ThF4 system have been
determined for the first time. The phase diagram shows BaThF6(s) is stable and
melts congruently. The enthalpy of mixing between BaF2 and ThF4 in the liquid
state is found to be negative. There is no solid solubility in this system. The chemical
potential of Ba–Th–F–O system shows that barium-thorium fluorides were found to
be stable above �μ(F2) � −957.35 kJ mol−1.
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The iThEC Strategy

Jean-Pierre Revol

Abstract Fossil fuels are present in finite quantity in the Earth’s crust and will
therefore run out rather soon on a human timescale. In addition, burning fossil fuels
contributes to global warming and has a tremendous health impact through atmo-
spheric pollution. Fossils fuels have to be replaced as energy sources as soon as
possible. However, achieving this requires a major and systematic R&D effort. This
R&D effort must not be biased; it must include nuclear energy, which is abundant, is
energy intensive, produces no greenhouse gases or air pollution, and still has a great
potential for improvement. The international Thorium Energy Committee (iThEC) is
at the origin of two new initiatives in this domain: a first fast-neutronADS experiment
of substantial power (≥1MW), at INRTroitsk in Russia, with the goal of demonstrat-
ing the possibility of destroying nuclear waste, using it as fuel in a thorium matrix,
and a highly innovative high-power proton accelerator based on superconducting
cyclotron technology. These two projects are well within the reach of present tech-
nologies and would constitute important milestones in the development of intensive,
abundant, and sustainable energy sources for the future. The future energy supply of
the world is such a crucial challenge that all options should be considered, with the
goal of choosing what will turn out to be the best solution in the end.

Keywords Thorium · Accelerator-driven systems · ADS · iThEC · Nuclear waste

1 Introduction

The international Thorium Energy Committee (iThEC) [1] is a Geneva-based, non-
profit association, founded under Swiss law in 2012, strongly associated with CERN.
Its members, from 14 countries, include physicists, engineers, politicians concerned
by energy issues. Several iThEC members were involved in pioneering CERN
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accelerator-driven experiments: FEAT [2] and TARC [3], carried out by Nobel Prize
Laureate Carlo Rubbia and his team, as well as in the design, construction, and
exploitation of the CERN neutron test facility n_TOF [4]. iThEC achieved an impor-
tant milestone by signing an MoU with IBeL SA, a company involved in nuclear
physics, accelerator technology, nuclear medicine, biology, and information tech-
nologies, with significant expertise in marketing, business, and operations manage-
ment, with the goal to conduct R&D activities in the framework of an international
collaboration at INR Troitsk.

iThEC is acting to promoteR&Din the use of thorium inorder to transmute nuclear
waste and produce safe, clean, and abundant energy, in particular with accelerator-
driven systems (ADS). The first task for iThEC was the organization of the ThEC13
conference, in the CERN Globe of Science and Innovation, in October 2013. This
conference, attended by the major world players in thorium R&D, provided a review
of the status of the field, crucial to the iThEC for the definition of its strategy.

2 iThEC’S Motivations

Fossil fuels are present in finite quantities in the Earth’s crust and inevitably they will
run out sooner or later. At the rate they are used today, the timescale for exhausting
these sources of energy is of the order of 50–100 years for oil and gas, and of
100–150 years for coal. If consumption continues to increase, this will occur sooner.
These are short time periods considering the implications. However, there are strong
reasons for replacing fossil fuels by better fuels even sooner. Indeed, it does not make
sense to burn fossil fuels till supplies have run out:

– In the first place, there is an increasing consensus that global warming due to the
release of greenhouse gases issuing from human activities is a serious problem.
Even if this is doubted, precaution should prevail.

– The immediate major problem associated with burning fossil fuels is air pollution.
This is already very costly to society. For instance, burning coal costs Europe alone
more than 40 billion Euros in annual health care expenses. The European Environ-
mental Agency declared that: “Air pollution poses the single largest environmental
health risk in Europe today.” More than half a million deaths per year in China are
due to air pollution [5]. World Health Organization (WHO) estimated that one in
eight of total deaths in the world are the result of exposure to air pollution. This
means that the use of fossil fuels kills 10,000 people each day.

– In addition, fossil fuels could be put to much better use. For instance, instead of
burning oil, it can be used in the manufacturing of plastics, rubber, tires, paints,
glue, drugs, cosmetics, and detergents.

In conclusion, there is every reason to stop burning fossils fuels, as soon as pos-
sible. Today, fossil fuels represent 86% of the primary energy consumption [6]. The
problem is that they are cheap and abundant, so the current tendency is still to increase
their consumption (Fig. 1). It is expected that, given a rising standard of living and
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Fig. 1 World primary energy consumption from 1990 to 2015, showing that coal, gas, and oil
represent 86% of the world consumption, hydro 6.5%, nuclear 4.4%, and renewable 2.8% [6]

a global population plateauing around 10–11 billion inhabitants, the world energy
consumption would have to increase by a factor 3 or more in the next 100 years to
keep pace with demand. Therefore, replacing fossil fuels is a formidable challenge to
society that can only be met through vigorous and systematic research and develop-
ment (R&D). As far as the energy domain is concerned, this R&D must be pursued
without prejudice and must include nuclear energy. There is no reason to believe that
nuclear energy could not be made acceptable to society, in terms of safety, waste
management, and proliferation. Its incomparable advantages are that: it is abundant
and energy intensive; it does not produce greenhouse gases or create air pollution.

This challenge may also turn out to be an opportunity, as the innovation required
will drive economic growth. This is particularly true for developing countries that
do not yet have a fully developed nuclear industry. These countries have the choice
of copying what was done in countries with advanced nuclear industry or taking the
innovative option. In this way, they would control the energy market in the future,
which is clearly the intention of China.

3 Why Thorium?

Given the expected huge energy demand, any potentially important source of energy
must be considered, in particular thorium, as the required technologies represent only
a modest extrapolation of existing nuclear and particle accelerator technologies.

As stated by Carlo Rubbia [7] at the ThEC13 international conference, thorium
constitutes “a sustainable energy resource on the human timescale.”
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Table 1 Estimated world thorium resources [8]: There are sufficient thorium reserves in India to
power 846 ADS systems of 1 GW of electric power for 1000 years

Country Tonnes Country Tonnes

1 India 846,000 10 South Africa 148,000

2 Brazil 632,000 11 China 100,000

3 Australia 595,000 12 Norway 87,000

4 USA 595,000 13 Greenland 86,000

5 Egypt 380,000 14 Finland 60,000

6 Turkey 374,000 15 Sweden 50,000

7 Venezuela 300,000 16 Kazakhstan 50,000

8 Canada 172,000 Other countries 1,725,000

9 Russia 155,000 World total 6,355,000

Indeed, thorium exists in abundance. There are 1.2 × 1014 tonnes of thorium in
the Earth’s crust, which is about the same as lead and three to four times more than
uranium. Thorium resources are broadly distributed on the Earth, and India is partic-
ularly well endowed, with the largest thorium resources (Table 1). Natural thorium
is isotopically pure, found mostly in monazite ores (Fig. 2), and relatively cheap
as often a by-product of rare earth mining. Thorium produces smaller amounts of
long-lived nuclear waste (TRU)1 than uranium. In addition, it has excellent physi-
cal properties such as higher melting point for both metallic and oxide forms and
better thermal conductivity when compared to uranium. This means that there are
higher safety margins for design and operation. When used in ADS, thorium offers
the most efficient method to destroy TRU through fission [9] and allows the system
to be subcritical, with obvious safety advantages. Most importantly, the thorium fuel
cycle has the great advantage of being proliferation resistant.

Mainly because of neutron inventory reasons, thorium cannot simply be substi-
tuted for uranium in critical reactor fuel. Uranium-233 has to be bred from thorium
in order to produce energy. Three basic approaches are envisaged [10]:

1. A chain of critical reactors to first breed plutonium (in CANDU reactors). After-
ward, use the plutonium in fast sodium-cooled critical reactors around which a
thorium blanket allows the breeding of uranium-233, so it can be used to man-
ufacture fuel for advanced thermal rectors. This scheme has been adopted by
India; it technically works but requires maintaining three different reactor tech-
nologies. Moreover, it does not solve the problems of nuclear waste management
and sustainability.

2. Moving the fuel continuously so that there is always fresh fuel in the core. This
can be done in pebble-bed reactors or in molten salt reactors, both of which have
serious safety issues. In traveling wave reactors, which have yet to be developed,
it is not the fuel that moves, but the neutron breeding and fission wave.

1Transuraniumelements (TRU): chemical elementswith atomic numbers greater than 92 (the atomic
number of uranium).
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Fig. 2 Thorium occurs in several minerals including thorite (ThSiO4), thorianite (ThO2+UO2),
and monazite ([Ce, La, Nd, Th]PO4). The photograph shows a 230 g monazite sample, containing
2–3% thorium, from the Steenkampskraal mine, in South Africa. (Courtesy Trevor Blench, CEO
of STL)

3. Using a particle accelerator to produce the extra neutrons needed to sustain a
chain reaction, in so-called accelerator-driven systems. C. Rubbia demonstrated
that this is the most efficient and elegant solution for using thorium [9]. This
is what motivates iThEC in its efforts to promote accelerator-driven thorium
systems (ADTS).

4 Accelerator-Driven Systems

Unfortunately, at the moment, developed countries do not seem to be ready to move
in the direction of thorium fuel. So far, in most countries with established nuclear
power generation, the development of thorium technologies has been opposed for
political reasons by green parties and for economic reasons by nuclear industry,
already vastly invested in the development of a newgeneration of fast critical uranium
breeder reactors (Generation IV [11]) and which benefits from institutional funding.
However, the development ofADS is not in competitionwith present nuclear industry
programs, and it is now time to start preparing for the future.

The recent history of ADS may be characterized by four phases. The first phase,
which demonstrated the basic concepts ofADS, in particular at CERNat the initiative
of Carlo Rubbia, was completed in the 1990s. The second phase, which tested the
basic elements of an ADS separately, was completed in the 2000s: a proton beam of
power exceeding 1MWat PSI; a neutron spallation source of 1MW,MEGAPIE, also
at PSI, and various developments of high-power spallation targets for SNS, ESS, and
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EURISOL; the development of high-power superconducting accelerating cavities by
the particle physics community; the EUROTRANS R&D program of the European
Union on partitioning and transmutation for the uranium fuel cycle.

It would seem natural to follow thesewith a phase 3 consisting of the first coupling
of a proton beam to a fast-neutron subcritical core at a significant power (≥1MW).
However, this step is still missing, more than 20 years after the first pioneering FEAT
experiment. Phase 3 should also include the development of an accelerator optimized
for industrial applications of ADS. Phase 3 is concentrating all the efforts of iThEC
at the moment.

The good news is that there exist two important ADS projects, which are aiming
directly at what could be defined as the industrial fourth phase: theMYRRHAproject
[12] in Europe, which should be the flagship of ADS systems. Unfortunately, at this
time, it is not fully funded, and the intended date of completion, 2025, will most
likely be exceeded. The other important project is ADANES [13] in China, which
has the ambition of reaching 1000MW of electrical power by 2032. Given their long
timescales, and the large leap into industrialization, both projects would benefit from
a phase 3. In addition, there are many other ADS-related activities in progress, in
particular in Ukraine with an electron beam of 100 kW driving a subcritical core
[14] ready to be commissioned. Given the importance of the energy issue, the lack
of coordination and collaboration between these various efforts is regrettable.

5 iThEC’s Initiatives

In this context, iThEC is at the origin of two new initiatives: a first ADS experiment
of substantial power (≥1MW) in collaboration with INR Troitsk [15], near Moscow,
and a high-power superconducting cyclotron [16].

Through a systematic reviewof the status of thoriumR&D in theworld at ThEC13,
visits of the Institute of Nuclear Research RAS, Moscow (INR), and detailed dis-
cussions with INRmanagement, iThEC became convinced of a rather unique oppor-
tunity in Russia, at the Troitsk INR laboratory. Here, the existing infrastructure
(Fig. 3) would allow, for the first time at significant power (a few MW), the cou-
pling of a proton accelerator to a fast-neutron subcritical core. The accelerator exists
and only needs a relatively modest refurbishment. Troitsk is already operating a
neutron spallation source. A beam line toward an available experimental pit could
be implemented quickly. In addition, the infrastructure exists for the manipulation
of radioactive materials. It is estimated that in 5-year time a landmark experiment
could be carried out which would validate the properties of an ADTS, demonstrate
safety, demonstrate the destruction of minor actinides, and test new possibilities for
the production of radioisotopes for medicine. This would be at a cost of 5% of cur-
rents projects such as MYRRHA [12]. A road map of the project has been prepared
jointly by INR management and iThEC. The Troitsk experiment would constitute
in addition a versatile fast-neutron test facility, the subcritical character of which
guarantees safety. Discussions with contacts in China, the Czech Republic, India,
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Fig. 3 Photograph taken at INR Troitsk of the beam target area showing the proposed ADS pit (9)
and the presently operating pulsed neutron source cell (10) and its beam line (8). Taken from [15]

Fig. 4 3D view of the six-sector single-stage cyclotron with reversed valley B-field, considered
for the Horizon 2020 FET proposal [16] (patented under the name S2CD by AIMA DEVELOPPE-
MENT)

South Korea, Japan, Switzerland, Turkey, Chile, as well as with IAEA indicate that
such a project, if approved, would get international support, and a collaboration on
the CERN experimental collaboration model would be possible. Global cooperation,
which iThEC is actively stimulating, is highly desirable in this domain.

The second iThEC initiative is a project submitted to the European Union, in
the framework of the Horizon 2020 FET program. This is a collaboration with
CERN, PSI, and leading European industrial companies to design an innovative
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single-stage, high-power superconducting cyclotron [16] (Fig. 4). Reliability, mini-
mal beam losses, and a much lower cost than other technologies are the main goals
of the study.

6 Conclusion

In conclusion, thorium is an important energy resource that cannot be neglected.
It is most important not to leave thorium ADS out of energy R&D programs. The
development of thorium technologies is an opportunity for developing countries,
such as India. The ADS experiment at Troitsk and the development in parallel of an
innovative high-power superconducting cyclotron are both necessary steps toward an
industrial ADS prototype and the exploitation of thorium resources. It is the priority
of iThEC to obtain approval for these two projects. As Russian authorities would like
to see international support for the Troitsk experiment, iThEC and INR are seeking
partners from the international scientific community.
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Fission Product Removal by Vacuum
Spraying in a Heavy Water Moderated
Molten Salt Reactor

Thomas Jam Pedersen

Abstract In the MSRE at ORNL volatile, fission products were removed from
the salt in the pump chamber via a helium flow gas and a spraying mechanism.
Copenhagen Atomics (CA) proposes a new partial vacuum spraying mechanism for
removal of volatile fission products from the salt and show that it is likely that up to
50% of fission products can be removed with this simple method. Combining partial
vacuum spraying with a heavy water moderated molten salt reactor, CA suggests that
it would be possible to develop a breeder reactor in thermal spectrum without online
pyro or wet chemistry salt cleanup. Doing this by introducing ceramic materials and
new production techniques includes aerographite insulation materials.

Keywords Thorium ·MSR · Fission products · Xenon extraction
Helium bubbling · Nozzle spraying · Aerosol · Volatile fission products
Heavy water moderator · Breeder reactor · Aerographite · LIBS
Laser-induced breakdown spectroscopy · Copenhagen Atomics · ThEC15
Mumbai · BARC

1 Introduction

The world is challenged in many ways but production of energy seems to be at the
core to many of the solutions.

The team behind Copenhagen Atomics (CA) believes Thorium MSR technology
could play an essential role in solving many of these global problems. We root this in
the strong correlation and there is between prosperity and access to energy as shown
in Fig. 1. Therefore, CA urged the Thorium MSR groups around the world to work
together. Themain contributions fromCA to such collaborations would be within the
fields of Measurement Technologies, Chemistry, and Control Systems. The presen-
tation at ThEC15 included two examples of subsystems where CA would be able to
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Fig. 1 Social Progress Index 2015 plotted against International Energy Agency global energy
production numbers from 2013 for 115 countries. Several countries indicated with the name. Blue
dotted line is best fit to dataset [1]

provide valuable knowledge and rapid progress to other teams. Laser-induced break-
down spectroscopy (LIBS) and fission product (FP) removal by vacuum spraying are
two examples of areas where CA is leading the global effort.

2 Laser-Induced Breakdown Spectroscopy

LIBS is considered a non-destructive technique—less than one-billionth of a gram of
material is consumed during a typical test. Laser pulses generate a high-temperature
micro-plasma on the surface of the sample. After this excitation, light that is charac-
teristic of the elemental/isotopic composition of the material is emitted and analyzed
using a spectrometer. The advantages of this technique include no need for sample
preparation and that the technique can be applied on both solids and liquids/melts.
Furthermore, the method does not require direct physical contact with the sample
making it a true remote sensing technique.

This enables chemical analysis without having to remove material from the, e.g.,
reactor or reprocessing system. This measurement technology has successfully been
used for quantitative analysis of, e.g., molten salts, contaminants in water, aerosols,
and solid materials (metals, glasses, and salts).
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Fig. 2 LIBS measurement on metallic Th sample (measurement performed by CA); zoom in on
the 424–425 nm and insert of characteristic peaks of 235U and 238U

CA Has Used LIBS to Successfully Determine

• Accurate quantitative chemical analysis of fluoride melts above 1000 °C;
• Isotope detection of traces of 235U and 238U in a metallic Th sample (Fig. 2);
• Isotope detection of 6Li and 7Li in solid LiF (Fig. 3).

CA is currently calibrating our equipment to analyze Thoriummolten salts in a sealed
environment with samples containing several hundred fission product isotopes.

LIBS Accuracy Potential
In the CA LIBS measurement system, we use a system of optical fibers, lenses, and
mirrors to be able to make accurate measurements where the electronic equipment
is separated from radiation and the hot salt.
The typical detection limit for relevant elements and isotopes is ~10PPMand isotopes
can typically be analyzed with a relative accuracy of 98–99% (demonstrated on
fluoride and silicate melts by CA).
The CA LIBS system will be used in house to develop and validate the range of
fission products, which can be removed from the salt in the vacuum spraying system
described below. CA will also market the LIBS system as a component for other
MSR manufactures and to be used for inspection and fissile inventory control by
IAEA or other authorities.
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Fig. 3 LIBS measurement on solid LiF sample (measurement performed by CA), incl. a zoom in
on the 671 nm range and the characteristic peaks of 6Li and 7Li

3 Fission Product Removal by Vacuum Spraying

Vacuum spraying is an advancement of the traditional helium bubbling method,
which will theoretically make it possible to remove a large fraction of the fission
products from the fuel salt online. By doing so, the need for online wet chemistry
reprocessing of the reactor fuel salt can be avoided. Thismethod relies on evaporation
of noble gases and evaporation of volatile fission product compounds. The ability
for a large extraction ratio of fission products stems from the fact that the fission
products will decay through multiple elements that are either noble gases or volatile
compounds. This is the same mechanism that helium bubbling relies on, but the key
difference in the proposed method is to spray the salt through nozzles with a flow
gas, rather than bubbling helium through the salt. This inversion of geometry has the
advantage that salt droplets in a gas increase the surface area to volume ratio, thereby
significantly improving the fission product extraction through increased evaporation.

Figures 4 and 5 show an example of some of the FP decay chains. All 3500 decay
chains can be found online [2].

Many of these elements are in volatile form below 700 °C at low pressures; some
isotopes only stay in the volatile state for seconds, before they decay further down
the decay chain. In order to reach a high salt cleanup ratio, the system for removing
these volatile isotopes is preferably located close to the reactor core with significant
high fuel salt flow speed to reach this FP evaporation chamber in seconds after the
fission has occurred.
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Fig. 4 Typical decay chain for fission product isotopes. Nb andMo are volatile and can be removed

Fig. 5 Typical decay chain for fission product isotopes. Only Xe is volatile and most of it must be
removed within seconds else it is not possible later
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Table 1 Boiling point and reduction potential of different fluoride species typically found in Tho-
rium fuel salt

It is important to realize that these fission products are created as two individual
atoms in a very large body of fuel salt. Independent of the techniques used to remove
the fission products from the salt, these single atoms will have to reach the surface
of the salt. Thus from the first principle, the chance of removing the fission products
from the body of fuel salt is improved when the surface area of the salt can be
increased.

The fundamental idea behind vacuum spraying is to spray the salt out through a
special type of nozzle that create ultra-small droplets, therebymaximizing the surface
area of the salt. This is sometimes referred to as atomizing nozzles, aerosol nozzles,
or ultrasonic nozzles. Fission products that are in gas phase (or have a measurable
vapor pressure) at the reactor salt temperature can then be separated from the salt
simply by having a flow of gas that carry them away from the partial vacuum spraying
chamber. Table 1 shows typical boiling points at atmospheric pressure of some of
the fluoride species in the salt. Note that some tin and gallium is also likely to be
removed at low pressure and 800 °C salt temperature.
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4 Simulations

The author has developed new simulation software applications in order to be able
to simulate which of the FP can be removed. These simulations take into account
the information about half-life, decay chain, boiling points, vapor pressure, salt flow
speed, droplet size, vacuum chamber pressure, and neutron captures cross section,
to simulate how many of FP can be removed from the salt and how this will affect
the neutron economy of a reactor. Results show that between 30 and 50% (molar) of
the FP can be removed from the fuel salt using this vacuum aerosol cleanup method.
This video shows some of the simulation results [3].

4.1 Validation of Results—Future Work

CA plans to validate the simulation results by adding many of the different elements
from Table 1 to fuel salt samples, e.g., LiF-ThF4-UF4. These fuel salt samples will
not use enriched lithium and uranium. The samples will be heated in a furnace to
a range of different temperatures and with a range of different cover gas flow rates
and pressures. In another setup, CA plans to pump FLiNaK salt containing stable
elements from Table 1 through a loop with a vacuum spray chamber at different
temperatures and pressures to measure the amount of the different elements that can
be removed at different flow speeds, droplet sizes, and cover gas flow rate.

5 Heavy Water Moderated Molten Salt Reactor

Heavy Water Moderated Molten Salt Reactor (HWMSR) has been proposed many
decades ago and several examples of documents on the subject exist [4]. New devel-
opments in material sciences make it possible to construct aerogel-like materials out
of graphite called aerographite [5]. Research is currently progressing to show that
these aerographites can be produced with very good thermal insulation properties
while at the same time being able to withstand the neutron flux and temperature in
a Thorium MSR core. Constructing a MSR core with high-temperature salt in pipes
insulated from heavy water at 50 °C now becomes possible. Figure 6 suggests ther-
mal ThoriumMSR core with heavy water moderation and aerographite as insulation
material between the water tank zirconium wall and the ceramic pipe made with
a very high content of carbon material. Preliminary studies by CA show that such
a HWMSR would become a thermal breeder reactor. By using a highly optimized
vacuum aerosol salt cleanup technique described above, it would become possible to
run the breeder only with batch cleanup of the salt. Assuming daily or weekly batch
cleanup of the salt using pyro and wet chemistry is likely to result in a HWMSRwith
a better neutron economy than other MSRs, which claim doubling times less than
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Fig. 6 Cross-sectional view of HWMSR core pipes made of ceramics surrounded by heavy water

20 years. Another positive attribute is that heavy water is less costly than graphite
when reuse and decommissioning are taking into account. Note that startup fissile
inventory in thermal MSRs is much smaller than fast MSRs, and thus, thermal MSRs
are likely to outperform fast MSRs economically.

6 Conclusions

In order to solve global energy shortage and tomove away from fossil fuels, engineers,
and scientists around the world must team up and push technologies like Thorium
MSR forward.CAhas shown that significant progress has bemade on salt purification
andmeasurement systems, thus contributing to bringing the technology forward. The
CA talks at ThEC15 inMumbai gave an overview of the areas inwhichCA isworking
and this paper gives enough details for other MSR developers to evaluate if there is
a possibility of a win-win collaboration between their team and CA.

Acknowledgements Thanks to Aslak Stubsgaard and Thomas Steenberg for providing valuable
information which has been presented in this paper. The main sponsor for this work was Th Engi-
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Radiation Dose Rate Mapping of Molten
Active Fluoride Salt Loop at UED, BARC

Tanmay Sarkar, Pradeep Bhargava, B. Ananta, A. K. Srivastava
and R. K. B. Yadav

Abstract Molten salt breeder reactor test facility is being designed and developed
at BARC, with main objective of utilizing thorium abundance in India. Experimental
facility, namely molten active fluoride salt loop (MAFL), is proposed to be set up in
UED, BARC, to study the thermal-hydraulic behaviour of fuel salt as well as blanket
salt and their compatibility with different structural materials. Radiation shielding
requirements for this facility have been carried out using point-kernel code, QAD-
CG. A validation exercise with the same active salt is carried out by measuring the
dose at different detector location. The results show that no shielding is required for
the dose criterion of 10µSv/h. In validation exercise, the observed value is matching
well with calculated value after a short distance from the source.

Keywords Thorium · Radiation shielding · Point kernel · Molten salt
Radiation dose

1 Introduction

Molten salt breeder reactor (MSBR) test facility, designed and developed in BARC,
is very important in context of India’s future nuclear energy utilization scenario
using thorium resources. It is having enhanced safety features like strong negative
temperature coefficient of the reactivity, improved sustainability, increasing the
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Fig. 1 a Molten active fluoride salt corrosion test facility (MAF-Corr). Dimensions are in cm, b
molten active fluoride salt loop (MAFL). Dimensions are in cm

proliferation resistance of nuclear energy, stable coolant low-pressure operation
that do not require expensive containment, easy to control passive heat cooling and
unique characteristics of actinide burning and waste reduction.

MSBR is based on the molten salts, which act as fuel, blanket and coolant for
the reactor. The composition of the fuel salt for the test facility was LiF–ThF4–UF4
(22.5–68.9–8.6 wt%). The blanket salt was LiF–ThF4 (22.5–77.5 wt%). Two types of
facility are there inwhich first one is to test the thermal-hydraulic behaviour ofmolten
salt and blanket salt and to study their natural circulation flow pattern. This facility is
called molten active fluoride salt loop (MAFL) [1]. Two loops are there for this test
facility. These loops were operated at a pressure of 0.5 kg/cm2 (g) and temperature
of 800 °C. The loops were fabricated with Hastelloy N material. The second type
of facility is molten active fluoride salt corrosion test facility (MAF-Corr) [2]. The
purposes of this experiment were to get handling experience of molten active fluoride
salt eutectic mixture, study the corrosion behaviour of structural materials, study the
melting and solidification behaviour of liquid fuel salts. Two vessels fabricated with
Incoloy 800H were used for doing this experiment. Upon the two vessels one was
used for fuel salt corrosion studies and another for blanket salt studies. In Fig. 1, the
schematic diagram of the vessels and loops of the facility with dimension is given.

2 Material and Methods

Dose rate at any detector location outside the vault is calculated by using the QAD-
CGGP code [2]. This is a Fortran 77 code for calculation of dose rate due to a volume
source in arbitrary complex geometry of shield configuration. It uses the point-kernel
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method, in which the original source volume is divided into a large number of small
volumes of voxels. From each voxel, the optical path traversed in the source/shield
material to the detector point is estimated and suitable corrections are made for the
scattered contribution to obtain the dose rate based on the basic point source formula.
The dose rates from all voxels are summed up to give the dose rate due to the entire
volume of the source. Several build-up factor estimation techniques are optionally
available, e.g. the GPmethod and Kapo’s method. The advanced versions of the code
can take a limited number of multiple identical sources. The dose conversion factor
is taken from ANSI/ANS 6.1.1-1991. It has limited capability for visualization of
2-D slices through the 3-D geometry.

ORIGEN2 code [3] is run to obtain the decay and photon release rate from these
materials. ORIGEN2 is a widely used computer code for calculating the build-up,
decay and processing of radioactive materials. The code outputs a combined 18-
group gamma spectrum in three groupings: fission products, actinides and activation
products; this data is extremely useful in gamma shielding calculations. The data
is available as photons/s or MeV/s against 18 energy groups (with effective energy
ranging from 15 keV to 11 meV) at different cooling periods.

There are mainly two modelling tools for radiation shielding calculation. The
first one is the point-kernel code QAD-CGGP; and the second category includes the
Monte Carlo-based codes. The first group uses analytical techniques in the code for
calculating radiation dose. QAD-CG is one of these types of code.

The QAD codes are a series of point-kernel codes developed by Los Alamos Sci-
entific Laboratory to calculate the fast neutron and gamma-ray penetration through
various shield configurations. When the version with the combinational geome-
try subroutine is used, the code is identified as QAD-CG. Point-kernel method is
macroscopic approach used for gamma radiation exposure rate calculations. In this
approach, gamma radiation propagation is assumed to be beam-like. Effects of radi-
ation interaction in matter are described using macroscopic linear attenuation fac-
tors. This method is much less computationally intensive than Monte Carlo method.
Series of calculations necessary for shielding optimization could be conducted at
reliable time using point-kernel method. But due to macroscopic approach to radia-
tion transport, this method lacks consistency. Themain problem point-kernel method
encounters is account for scattered radiation which is usually implemented through
semi-empirical approximation. Additional ‘build-up’ factor must be introduced as a
multiplier to the attenuated dose. Determination of the appropriate build-up factor
can be rather complex as it depends upon the energy, the thickness and type of mate-
rial. Uncertainties in determining build-up factor essentially limit the accuracy of
point-kernel method. According to point-kernel method used in QAD codes, source
volume is made of a number of point isotropic sources (point kernels). Each point
kernel gives contribution to the dose rate at detecting point. In this method, the point
kernel representing the transfer of energy by the un-collided flux along a line-of-sight
path is combined with an appropriate build-up factor to account for the contribution
from the scattered photons. With a distributed source, the point kernel is integrated
over the source volume for each energy source. The gamma-ray dose rate at any
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point due to an isotropic source emitting S photons of energy E per second per unit
volume is
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The build-up factors used in this code are based on the Goldstein and Wilkins
moment method calculations for gamma-ray transport in infinite homogeneous
media. The code uses Capo’s fit to the Goldstein-Wilkins data with bivariant poly-
nomial expressions to calculate the approximate build-up factors as a function of
gamma-ray energy and number of mean free paths from the source to the detector.
For high atomic number materials, the polynomial fit has the form
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where Cij’s are the coefficients of the expansion.

3 Result and Discussion

ORIGEN2 code [3] is used to obtain the decay and photon release rate from these
materials. The photon spectrum of 50 and 5 years of decay is used for these calcula-
tions and tabulated in Table 1. This result is used in calculating the dose rate for the
facility as well as for the validation exercise.
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Table 1 Photon spectrum for 1 kg of thorium after 5 years and 50 years of decay

S. No. Energy (MeV) No. of photons/s 5 year No. of photons/s 50 year

1 1.50E-02 2.45E+06 6.52E+06

2 2.50E-02 1.66E+05 5.09E+05

3 3.75E-02 1.19E+05 3.75E+05

4 5.75E-02 1.65E+05 4.88E+05

5 8.50E-02 5.15E+05 1.90E+06

6 1.25E-01 6.80E+04 2.09E+05

7 2.25E-01 8.17E+05 2.90E+06

8 3.75E-01 3.58E+05 9.12E+05

9 5.75E-01 5.32E+05 1.90E+06

10 8.50E-01 1.41E+06 3.62E+06

11 1.25E+00 9.38E+04 2.38E+05

12 1.75E+00 1.80E+05 4.81E+05

13 2.25E+00 4.47E-03 1.20E-02

14 2.75E+00 3.46E+05 1.38E+06

15 3.50E+00 1.61E-03 4.27E-03

16 5.00E+00 4.78E-04 1.27E-03

17 7.00E+00 3.10E-05 8.24E-05

18 1.10E+01 1.96E-06 5.21E-06

Table 2 Validation exercise

Distance from source
(cm)

Measured value*
(µSv/h)

Calculated result
(µSv/h) (after 5 years
of decay of thorium)

Ratio of calculated to
measured dose rate

10 0.13 0.16 1.24

20 0.035 0.04 1.14

30 Bkg … Nil

*Excluding statistical variation

A validation exercise has been carried out to validate the results by considering the
5 year decay of the fresh Th.Measurement of dose rate at different locations has been
performed with a source and compared with the calculated dose rates. This source
used for the measurement is a glass vial of thickness 1 mm containing LiF+ThF4 in
the powder form. The source is in powder form and cylindrical shape having diameter
of 2.54 cm and height of 0.8 cm. The mass of Thorium in the salt taken was 4.88 g
frommeasurement. The comparison of dose rates frommeasurement and calculation
is presented in Table 2.

The inventories of the fuel material handled are taken from the design report of
the above-mentioned facility. The geometry of each component (loops and vessels)
in the loop with the source (highlighted 11 energy groups) is modelled using point-
kernel code, QAD-CG. The dose rate at desired locations is given in Table 3. The
dose rate for achieving shielding requirements was taken to be 10 µSv/h.
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Table 3 Dose rate at typical detector locations (decay period 50 year)

S. No. Source details Distance at which dose rate
computed

Photon dose rate (µSv/h)

1 Loop 1 fuel salt, ID 15 mm,
OD 22 mm, 0.83 kg Th

Surface 525.0
2.0 cm 126.1

3.0 cm 60.0

4.0 cm 37.7

30 cm 3.8

100 cm 0.8

200 cm 0.3

2 Loop 2 fuel salt, ID 15 mm,
OD 22 mm, 0.94 kg Th

Surface 595.0

2.0 cm 143.0

3.0 cm 68.0

4.0 cm 42.7

30 cm 4.3

100 cm 1.0

200 cm 0.3

3 Vessel 1, 22.4 cm height,
ID 15 cm, OD 17 cm,
4.4 kg Th

Surface 222.3

6 cm 94.8

30 cm 15.0

100 cm 1.9

4 Vessel 2, 37.3 cm height,
ID 15 cm, OD 17 cm,
8.33 kg Th

Surface 266.0

6 cm 132.0

30 cm 26.6

100 cm 3.6

4 Conclusions

It is observed fromTable 3 that 30 cm distance from the source is sufficient to achieve
the design criteria of 10 µSv/h for loop 1 and loop 2. Shielding is not required for
the distance greater than 30 cm from the source for loop 1 and loop 2. It has been
observed that a distance of 100 cm is required for vessel 1 and vessel 2 for achieving
criteria of 10 µSv/h.
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CFD Analysis of Molten Fluoride Salt
Natural Circulation in a Rectangular
Loop

Rakesh Chouhan, A. Borgohain, A. K. Shrivastava, N. K. Maheshwari
and P. K. Vijayan

Abstract IndianMolten Salt BreederReactor (IMSBR) is being designed and devel-
oped in BARC with main objective of utilizing thorium abundance in India. In order
to design the reactor, it is necessary to study the thermal-hydraulic behavior of various
molten salts. Moreover, considering the importance of natural circulation in high-
temperature systems, experimental studies on natural circulation of molten salts are
required. This paper deals with the fabrication of loop with molten salt, LiF+ThF4
(22.5–77.5 wt%), which is proposed as blanket salt for IMSBR program. Loop is
fabricated with 15 NB Sch 40 pipe made of Hastelloy-N material having height of
400 mm and width of 300 mm. CFD analysis for natural circulation of the same loop
is also carried out. CFD simulation is performed for steady state and transient cases
at different heater powers. Various transients, such as step power change, heater trip,
and start-up of natural circulation, are also carried out. Comparison of CFD results
with standard correlation for steady state flow has been done.

Keywords MSBR · Molten fluoride salt · OpenFOAM · Computational domain

Nomenclature

c Constant in steady state correlation
g Acceleration due to gravity, m/s2

Grm Modified Grashof number
h Heat transfer coefficient, W/m2 K
Lt Total length, m
NG Geometry parameter
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Q Total heat input, W
r Constant in steady state correlation
Ress Steady state Reynolds number, vDh/υ
t Time, s
T Temperature, °C
Uz Velocity along heater
Uy Velocity along cooler

1 Introduction

Molten Salt Breeder Reactor (MSBR) is based on molten salts, which acts as fuel,
blanket, and coolant for the reactor, as it has high boiling point, enables us to operate
the system at low pressure and high temperature [1]. There are two types of molten
salt-based reactor concepts, one is liquid fuel and other is based on solid fuel with
molten salt as a coolant. The technology used for MSRs based on a liquid fuel is
fundamentally different from the solid fuel technologies currently in use. Some of
the advantages specific to MSRs (in terms of safety/reliability, for example) result
directly from this characteristic. Furthermore, this type of reactor is particularly well
adapted to the thorium fuel cycle (Th–233U) which has the advantage of producing
less minor actinides than the Uranium–Plutonium fuel cycle (238U–239Pu). The fuel
of the MSR is based on the dissolution of the fissile material (235U, 233U, or 239Pu)
in an inorganic liquid that is pumped at a low pressure through the reactor vessel and
the primary circuit, and thus also serves as the primary coolant. The heat generated in
the fission process is transferred in a heat exchanger to a secondary coolant, which is
also generally a molten salt. This intermediate loop is introduced for safety reasons:
to avoid direct contact between the steam and the fuel. The operating temperature
of the MSR is in between 550 and 750 °C, the lower limit being determined by the
fusion temperature of the salt and the upper one by the corrosion rate of the structural
material.

The presentwork dealswith theCFDsimulation of the rectangular loopwith open-
source OpenFOAM CFD tool. Vertical heater and horizontal cooler arrangement
for natural circulation of salt in computational domain is considered. Hexahedral
meshing in all four legs and tetrahedral meshing in corners are used in the loop, and
mesh independency test was also carried out. Laminar model for steady state and
transient cases was chosen to carry out simulations [2]. CFD simulation is performed
for steady state and transient cases at different power levels. Results obtained in CFD
simulation are analyzed and discussed in detail. The transient CFD studies performed
are step power change, heater trip, and start-up of natural circulation.
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2 Literature Review

Most of the previous investigations related to molten salt studies were based on
the experimental works. These studies were carried out to measure the physical
properties of molten salts [3] and heat transfer characteristics [4]. The heat transfer
performance of a proposed MSBR coolant salt [NaBF–NaF (92–8 mol%)] and fuel
salt [LiF–BeF2–ThF4–UF4 (72–16–12–0.3 mol%)] was measured in forced convec-
tion loop by Silverman et al. [5]. The results of these experiments were similar for
both salts and indicate that the proposed salts behave as normal heat transfer fluids
with an extended transition region. Navier–Stokes and energy conservation equa-
tions to estimate thermal gradients in a molten salt were also used [6]. Khokhlov
et al. [7] proposed analytical equations to evaluate the density, viscosity, heat capac-
ity, and thermal conductivity of various molten salt mixtures of Li, Na, Be, and Zr
fluorides. Recently Graydon et al. [8] performed experimental studies using fluoride
salt (FLiNaK) operating at up to 700 °C; however, the heater provided temperature
differentials of up to 30 °C. Experiments were performed to examine the use of Laser
Doppler velocimetry, infrared videography, and visualization using standard videog-
raphy through sapphire windows. Ferng et al. [9] also presented CFD methodology
for investigating the thermal-hydraulic characteristics of FLiNaK salt. The proposed
model was validated through comparisonwith existing correlations and experimental
data of friction factor.

The significant novelties of thiswork are: first, to study thermal-hydraulic behavior
ofmoltenfluoride salt in passivemode inside a rectangular loop,which is not available
in open literature; second, to use OpenFOAM CFD code to predict the behavior of
natural circulation phenomena for high-temperature molten fluoride salt after some
modifications; third, to compare CFD results with standard correlations available in
the literature of rectangular loops for validation.

3 Description of Experimental Setup

As the natural circulation data for molten salts are scarce, a molten salt loop is
designed, fabricated, and under commissioning. A loop is fabricated with 15 NB Sch
40 pipemade of Hastelloy-Nmaterial having height of 400mm andwidth of 300mm
as shown in Fig. 1. Extra lengths are provided on each vertical leg for accommodation
of molten salt expansion. A melt tank is positioned on top of loop for initial filling of
salt inside the loop. Six surface heaters, four on each leg of rectangular loop and two
on each expansion leg, aremounted.One tape heater onmelt tank and connecting pipe
is also wrapped. Proper arrangement for continuous argon gas purging to maintain
inert atmosphere has been done. Adequate instrumentation is provided for molten
salt temperature, heater control, pressure and oxygen monitoring in the argon gas.
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Fig. 1 LiF+ThF4 experimental setup

4 Model Descriptions

CFD simulations for natural circulation of molten fluoride salt in a rectangular loop
having height 400 mm, width 300, and 14 mm internal diameter as a computational
domain have been performed in OpenFOAMCFD tool. Computational domain hav-
ing both horizontal leg is tilted at 5° inclination with horizontal vertical heater (red)
and horizontal cooler (blue) configuration to support natural circulation of themolten
fluoride salt as shown in Fig. 2.

In rectangular loop section, different types of mesh were generated with different
number of finite volume grids. Keeping in mind the CFD simulation time, tetrahedral
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Fig. 2 Computational domain in OpenFOAM

Fig. 3 Hexahedral mesh and
tetrahedral mesh for loop
section in OpenFOAM

mesh is generated at all four corners, whereas hexahedral and pyramids mesh are
generated in pipe section.Observations of flow in pipes are ofmuchmore significance
than corners. Figure 3 represents the types of mesh generated in rectangular loop as
computational domain.

The Reynolds-averaged model used to analyze the thermal-hydraulic character-
istics for the incompressible molten salt of LiF+ThF4 (22.5–77.5 wt%) includes
equations for continuity, momentum, and energy. The initial temperature for all sim-
ulations is set at 600 °C, and the operating pressure is at 1 atm. A uniform heat
flux is defined on the heater surface as per simulation requirements. Heat rejection
on cooler surface was modeled by heat transfer coefficient and ambient temperature
as input to model various cooler capacities. Table 1 shows thermophysical property
values used in simulations.
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Table 1 Thermophysical properties of eutectic mixture of LiF4–ThF4 at 700 °C

Thermophysical property Values at 700 °C

Density (kg/m3) 4213

Kinematic viscosity (m2/s) 3.79E−6

Dynamic viscosity (kg/m s) 0.0159

Thermal conductivity (W/m K) 1.0013

Specific heat capacity (J/kg K) 1315

4.1 Model Assumptions

The following assumptions have been made:

• Fluid is single-phase Newtonian and incompressible.
• Boussinesq approximation is valid, i.e., density differences are only important in
producing buoyancy.

• Fluid properties are constant except in the formulation of buoyancy term.
• An adiabatic boundary condition at the rectangular loop walls is applied.

4.2 Initial and Boundary Conditions

4.2.1 Initial Condition

• Temperature of whole domain is specified as 600 °C, which is above melting point
temperature (~565 °C) of molten fluoride salt.

4.2.2 Boundary Conditions

• Different heat fluxes at heater are specified as per the practical applicability of
loop as will be specified during experiment.

• Ambient temperature and appropriate heat transfer coefficients are specified at
cooler.

• No-slip condition specifies that velocity of fluid particles is zero on the wall of
pipe.

• Walls of loop except heater and cooler are considered adiabatic.
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4.3 Methodology

CFD simulations have been performed using the open-source CFD code Open-
FOAM 2.2.2 (2013). The standard available steady state buoyantBoussinesqSimple-
Foam solver and transient buoyantBoussinesqPimpleFoam solver using finite vol-
ume method are used for steady state and transient simulations. The basic governing
steady state and transient equations are used for simulations. Both SIMPLE and PIM-
PLE algorithms [10] were used to solve coupled equations of pressure, velocity, and
temperature. Upwinding method was used for velocity, temperature, and turbulence
equations. All the solutions were considered to be fully converged when the sum
of scaled residuals was below 10−6. All the computations have been performed on
an Intel i7 motherboard computer having a quad processor with 16 GB RAM and
2.8 GHz processor speed.

4.4 Mesh Independency

Three-dimensional transient simulations are highly expensive. Hench, mesh inde-
pendence test was performed to estimate the coarsest grid which can give mesh-
independent solutions. Such a grid imparts minimum computational expense and
time without compromising on accuracy of the results. Three different grids, Mesh
1: 93857; Mesh 2: 119495, and Mesh 3: 145243, were considered to check the grid
independence using temperature variation along the centerline of heater leg. It can
be seen that the mesh size of Mesh 1 shows slightly different profiles than the results
of Mesh 2 and Mesh 3 (Fig. 4). It can be seen that the results of Mesh 2 and Mesh
3 are matching and hence it was concluded that model with gird size Mesh 2 and
above can be used for simulation.

Fig. 4 Temperature values
obtained at centerline of
heater leg for the three
different grids
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5 Results and Discussions

5.1 Steady State Results

Variable magnitude should be constant with respect to spacial locations in the com-
putational domain to achieved steady state condition. During CFD simulation in
OpenFOAM, temperature and velocity data at different locations are generated in
postprocessing. Figure 5 represents steady state temperature distribution along the
center plane of the computational domain. Steady state velocity distribution can be
seen in Fig. 6a, b along with heater and cooler central planes, respectively.

Figure 7 represents the plot of variation of temperature with iteration time for
different locations. Simulation parameters like power 500 W at heater, heat transfer
coefficient (h) 79 W/m2 K at cooler, and ambient temperature 303 K are used as
input. Initially, some fluctuations in the graph can be observed due to start-up of
natural circulation. Further increase in temperature of loop is observed, and finally,
temperature curve becomes flat which means amount of heat rejection at cooler
surface becomes equivalent to heat addition at heater surface. Hence, steady state
condition is reached in the computational domain.

Figure 8, velocity variation along the cross-sectional distance for same case as
above, showing magnitude of velocity at heater outlet, is less at center as compared
to near wall velocity. It is due to heating effect near surface of heater which causes
the local density gradient near surface. Natural convection phenomena predominant

Fig. 5 Steady state
temperature distribution in
the loop
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Fig. 6 a Steady state velocity (m/s) distribution along heater central plane and b steady state
velocity (m/s) distribution along cooler central plane

Fig. 7 Variation of temperature with iteration time for heat input Q �500 W at heater for steady
state case
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Fig. 8 Variation of velocity cross-sectional distance for heat input Q �500 W at heater for steady
state at time step 14,000 s

due to above reason lead to less velocity at center which is different from general
pipe flow phenomena. At other locations, i.e., heater inlet, cooler inlet, and outlet
velocity profile deviation is either negligible or very little as compared to general
pipe flow velocity profile.

5.2 Transient Results

Transient studies are carried out to simulate somepostulated accidental scenario in the
molten salt-based systems. The main objective is to observe the behavior of molten
salt during various transient conditions. Figure 9 shows temperature distributions
along with radial distance at input and output locations of both heater and cooler.

5.2.1 Heater Trip Transient

In the power failure scenario, the consequences of sudden non-availability of heat
source are simulated using heater trip transient. This transient was realized by setting
themain heater power to zero value from steady state at somepower. Initial conditions
for this transient are as follows: Loop was in steady state at 500 W power. The start
of the heater trip was simulated at 18,000 s. At this time, the main heater power was
set back to zero value from 500 W.
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Fig. 9 Variation of temperature cross-sectional distance for heat input Q �500 W at heater for
transient case

Fig. 10 Inlet–outlet temperature variations in heater and cooler after 18,000 s for heater trip tran-
sients

As shown in Fig. 10 at the start of the transient, heater outlet temperature decreases
rapidly and came closer to the heater inlet temperature due to the loss of heat source.
This temperature drop was accomplished quickly, and the inlet and outlet tempera-
tures of the heater then decreased together.
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Fig. 11 Step power change transient from 250 to 500 W

5.2.2 Step Power Change Transient

Initially, simulation is started in the loop with heat flux 250 W at heater surface and
heat transfer coefficient 48 W/m2 K at cooler surface. Steady state was achieved
with this condition in the loop. So to know the heater power change effects in the
loop, transient condition was started with changing the main heater power to 500 W
from 250 W. The effect of this power change is shown in Fig. 11 in terms of change
in temperature with time. Heater outlet and cooler inlet temperatures increase more
sharply compare to cooler outlet and heater inlet just after increasing the main heater
power and again steady state condition attained in the loop.

6 Validation of CFD Results

An analytical approach is used for comparison of results in steady state condition
for various heater power levels. Steady state flow prevails in a natural circulation
loops when buoyancy force is balanced by the retarding frictional force. In this case,
retarding frictional forces are pipe frictional losses due to flow and losses due to
change in geometrical parameters, whereas generated buoyancy head as a driving
force is considered. Based on this general approach, analytical calculations were
carried out for steady state mass flow rates for a rectangular loop. The flow rates
obtained in CFD analysis are compared with analytically calculated values as shown
in Fig. 12.

Obtained mass flow rates were used in standard correlation and compared with
CFD results as shown in Fig. 13. Vijayan et al. [11] showed that steady state flow
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Fig. 12 Steady state natural circulation flow rates at different power levels

Fig. 13 Comparison of CFD data with steady state correlation given by Vijayan [11]

in single-phase uniform or non-uniform diameter natural circulation loops can be
expressed as

Ress � c

(
Grm
NG

)r

where constants ‘c’ and ‘r’ depend upon the nature of flow (i.e., laminar or turbulent).
Parameter NG depends upon geometry of the loop. It can be observed from above
graph that CFD results are matching with the analytical results.
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7 Conclusions

• A rectangular loop is made for natural circulation studies in molten salt LiF+
ThF4. The loop is under commissioning.

• CFD studies of the loop are carried out to simulate various steady state and tran-
sient cases and found that proposed CFDmodel can capture the thermal-hydraulic
characteristics of proposed blanket salt for IMSBR.

• The natural circulation steady state mass flow rates for different heater power
levels are comparedwith standard available correlation and analytical calculations.
Comparison results are in good agreement (±10%).

• Further validation of the CFD data will be carried out when the experimental
results of the loop are available.
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The Stable Salt Reactor—A Radically
Simpler Option for Use of Molten Salt
Fuel

Ian R. Scott

Abstract All reactor designs over the past 50 years designed to use molten salt
fuel have shared a common misconception that such fuel must be actively pumped
between a reaction chamber and a heat exchanger. This design philosophy originated
with the Aircraft Reactor experiment and the Molten Salt Reactor experiment and
has not been challenged since. Application of modern tools of computational fluid
dynamics to the question shows that in fact the use of molten salt fuel in fuel tubes
very similar to those used in conventional solid-fueled reactors is entirely practical
andmakes possible a radically simpler design ofmolten salt-fueled reactor, the Stable
Salt Reactor.

Keyword Stable salt fission fuel reactor

1 Introduction

The concept of molten halide salts as fuel for nuclear reactors first appeared in the
years after the Manhattan Project in the context of developing a nuclear reactor
to power a strategic bomber. This led to the development of the Aircraft Reactor
Experiment andMolten Salt Reactor Experiment. In both the cases, the reactor design
was to pump a molten salt-based nuclear fuel through a moderator block and then to
a heat exchanger.

There was, however, an earlier concept whereby the molten salt-based fuel would
be put into static tubes with coolant passed through the array of tubes, very much
in line with current thinking for solid-fueled reactors. This concept was, however,
abandoned undeveloped, because simplistic calculations based on heat transferring
through the molten salt merely by conduction and not convection indicated the tubes
could be no more than 2 mm in diameter [1].
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Despite it being common knowledge that convection is the dominant heat transfer
mechanism in liquids, no attempt was made to calculate the convective contribution
to heat transfer in such static molten salts. In the context of developing an airborne
nuclear reactor that was logical as gravity is an unreliable force in such conditions
but the fact that computational fluid dynamics (CFD) as a practical science was still
30 years from development contributed to the decision at a purely practical level.

Application of modern CFDmethods shows in fact that heat transfer frommolten
salt fuel is perfectly adequate and that pumping of the fuel to achieve turbulent flow
and hence high heat transfer rates is not necessary.

This simple insight opens the door to a radically simpler and safer way to use
molten salt fuel which is described in this paper.

2 The Stable Salt Reactor

2.1 General Reactor Design

The stable salt reactor is a fast spectrum reactor using as fuel UCl3 (24%), PuCl3
(16%), and NaCl (60%). The plutonium has an isotopic vector typical of spent PWR
fuel. The choice of chloride salt rather than the commonly preferred fluoride salt is
driven by two factors, lower melting point and the possibility to adjust the redox state
of the chloride salt to a far more reducing state than is possible with fluoride salts.
This allows the virtual elimination of any thermodynamic driving force for corrosion
of steels by the salt (see below).

The tubes of fuel are grouped into fuel assemblies strongly resembling those used
in sodium fast reactors. Those fuel assemblies are immersed in a pool of coolantwhich
is composed of ZrF4 (42%), NaF (10%), and KF (48%). The coolant is contained in
a steel tank located in a subsurface concrete-lined pit.

The coolant is circulated by pumps through the reactor core and through heat
exchangers that are also immersed in the coolant pool. The secondary coolant is a
similar composition to the primary coolant but remains non-radioactive since it is
screened from the neutron flux by the coolant by virtue of the hafnium contamination
of the zirconium in the coolant coolant. This makes the coolant an effective neutron
shield (104 screening by 1mof coolant). The secondary coolant is utilized to generate
electricity or not of transfer process heat depending on the reactor purpose.

The reactor core departs from the convention of fast reactor cores being cylindrical
and is in fact rectangular as shown in Fig. 1. The core is composed of a set of identical
modules, each module containing an array of 10×10 fuel assemblies. The modules
contain all the key reactor components and are factorymanufactured thereby radically
simplifying on-site assembly. The rectangular core structure also permits a very
simple and mechanically robust procedure for refueling whereby fuel assemblies
are migrated one step at a time across the core’s short dimension with spent fuel
assemblies being removed from the core, allowed to cool for several months still
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Fig. 1 Modular structure of the Stable Salt Reactor

immersed in the coolant and then removed from the reactor. Fresh fuel assemblies
are added to the opposite end of the row of assemblies.

Reactivity control is achieved primarily via the high (−6 pcm/K) negative tem-
perature reactivity coefficient, with total core reactivity controlled via the refueling
frequency and shut down achieved using steel clad boron carbide shut down blades
with are inserted under gravity between the modules. Standard passively safe mag-
netic release mechanisms are used for the shutdown blades which are not required
to exert fine control over reactivity under any circumstances. Controlled reactor start
up at commissioning and after infrequent shut downs is achieved by moving fuel
assemblies out from and into the core rather than removing neutron absorber from
the core.

This refueling process can be carried out at full reactor power making the reactor
continuously refueled and therefore not requiring control rods or reactivity shims to
control excess reactivity added in batch refueling.
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2.2 Thermal Hydraulics of the Fuel Salt

The thermophysical properties of the fuel salt are given in Table 1.
CFDanalysis usingANSYS/FLUENTsoftwarewas carried out byWildeAnalysis

Ltd on the basis of a vertical power distribution in the tube rising from 0.4 at the
ends to 1.4 at the center. Figure 2 shows the peak temperatures for the fuel salt and
fuel tube wall at varying mean power levels for a 10mm tube diameter. The power
level selected for the Stable Salt Reactor was 150 kW/l which provides an almost
400 K temperature margin for the fuel salt and tube wall temperatures well within the
capability of standard nuclear-grade steels known to have high tolerance for neutron
damage such as PE16 and HT9.

2.3 Gas Evolution from the Fuel Salt

Fission produces relatively large amounts of gaseous fission products. A huge advan-
tage of molten salt fuel is that the dangerous isotopes of cesium and iodine which
form themajor hazard from solid nuclear fuel in an accident scenario are non-volatile
salts. However, the noble gasses xenon and krypton are still evolved as is cadmium
which is gaseous at the temperatures involved. One option was to trap these gasses
within the fuel tubes as is done with metallic nuclear fuel (fromwhich the gasses also
evolve freely). This, however, leads to pressurization of the tube and consequently a

Table 1 Parameters used in the CFD model

Composition of fuel salt NaCl/UCl3/PuCl3 60/20/20 mol%

Melting point of fuel salt 730 K [1]

Boiling point of fuel salt 1837 K

Density of fuel salt 4.1690–9.014×10−4 g ml−1 K−1 [2]

Viscosity of the fuel salt log10(η[cP]) � −1.2675 + 1704
T [K ]

Thermal conductivity of fuel salt 0.5 W m−1 K−1

Specific heat capacity of fuel salt Rises from 520 J kg−1 K−1 at M.Pt. to 670 at B.Pt.

Composition of coolant salt KF/ZrF4/NaF 48/42/10 mol%

Density of coolant salt 2770 kg m−3

Specific heat capacity of coolant salt 1050 J kg−1 K−1

Kinematic viscosity of coolant salt 1.7×10−6 m2 s−1

Thermal conductivity of coolant salt 0.7 W m−1 K−1

Coolant velocity between fuel tubes 4 m s−1

Coolant inlet temperature 450–460 °C
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Fig. 2 Temperatures in a 10-mm-fuel tube calculated by CFD

hazard of tubes failing. The possibility that the tubes could be safely vented into the
coolant was therefore investigated.

The calculations were carried out using HSC software from Outotek on the basis
that the surface of the fuel salt in the tube would be at approximately 1000 °C and
evolve vapor characteristic of that temperature but that the evolved vapour would
condense on the wall of the fuel tube above the level of the fuel salt, the wall there
having the same temperature as the coolant of 600 °C.

The vapor remaining then represents what is actually released from the tube.
Figure 3 summarizes the results of this analysis, note the logarithmic scale. Only

the noble gasses, ZrCl4 and Cd, are released in significant quantities into the coolant
salt. A separate analysis of the extent of indirect release of Cs-137 via release and
subsequent decay of Xe-137 showed that hold-up times in the fuel salt and gas spaces
in the tube were sufficient to reduce Xe-137 release to less than 10−6 of the total.
It was therefore concluded that the reduction of hazard represented by venting the
tubes to avoid pressurization was substantially greater than any hazard created by
venting the gasses.

2.4 Redox Control of Fuel and Coolant Salts to Eliminate
Corrosion

Corrosion of steels bymolten salts is a major problem for molten salt reactors, neces-
sitating development of special alloys that are slower to corrode. The fundamental
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Fig. 3 Gas evolution from fuel salt and condensation on fuel tube wall

problem is that the normal mechanism whereby steel avoids corrosion in corrosive
environments such as water is by formation of a passivating layer of chromium oxide
which shields the steel from contact with the corrosive liquid. Molten salts dissolve
such oxide layers leaving the steel exposed to the corrosive potential of the liquid.

A different approach to corrosion control is therefore needed for molten salts. One
option is to make steels with much lower concentrations of relatively reactive alloy
components such as chromium and high levels of less reactive components such as
nickel. Hastelloy N is the archetypal alloy of this type. Unfortunately, this approach
is only partially successful as chromium in such alloys still dissolves in the molten
salt though at a slower rate.

A better approach is to ensure that the material of the alloy is intrinsically resistant
to corrosion by ensuring that the thermodynamically stable form of the alloy compo-
nents is actually the metal—so that there is no driving force for the metal to dissolve
in the salt. Using metals such as molybdenum or tungsten is one approach—but data
on the behavior of such metals in reactor radiation fields is very limited making the
obstacles to their use very high.

Instead of changing the alloy, one can however change the salt. The relevant
parameter is the redox potential; a strongly reducing salt will not dissolve even
chromium from steel. This is where choice of salt becomes critical. For the fuel salt,
use of fluoride salts of uranium is limited because redox potentials low enough to
prevent solubilisation of chromiumwill reduce uranium trifluoride to uraniummetal.
That is a principal reason why the Stable Salt Reactor uses chloride salts for fuel.
The redox potential of the fuel salt is controlled by adding metallic zirconium to the
inside of the tube. This not only drops the redox potential to the level of the Zr/ZrCl
couple but holds it there despite net chlorine release from the uranium trichloride
due to fission. Under these conditions, the equilibrium concentration of CrCl2 in the
salt is below 10−8 M ensuring undetectable corrosion.

A similar approach to redox control was used for the coolant salt. Use of metallic
zirconium for redox control is not possible in a pumped system as zirconium
will migrate and deposit on vulnerable components. However, zirconium has both
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a divalent and tetravalent fluoride, and addition of 1% ZrF2 to the coolant salt
provides the ZrF2/ZrF4 redox couple that maintains a low redox potential such that
equilibrium concentration of CrF2 in the coolant salt is below 10−6 Mwhich prevents
detectable corrosion. Importantly, this redox buffer is resistant to contamination of
the coolant salt with oxygen or water which will inevitably leak into the system
under real conditions.

2.5 Thorium and the Fuel Cycle for the Stable Salt Reactor

The Stable Salt Reactor is a fast reactor designed to burn reactor-grade plutonium. In
its initial form, it is not designed to be a net breeder but has been designed explicitly
to make development of a net breeding version as simple as possible.

Moltex Energy believes that a reactor using a pure thorium/U-233 fuel cycle
would be extremely challenging from a nuclear safeguards perspective. U-233 is
eminently weapons usable and would probably be regarded by the IAEA as similar
in risk to weapons-grade plutonium. It is also chemically relatively simple to isolate
from molten salt systems—much more so than plutonium which is much harder to
separate from the lanthanide fission products. The problems of contamination with
U-232 are in truth minimal for an organization intending to use the weapon rather
than store it unused. We therefore consider that U-233 should be used as fuel only if
it can be denatured immediately it is formed with U-238.

This will be achieved in the Stable Salt Reactor by replacing the zirconium-based
coolant salt with a ThF4-based salt. The thorium is equally as effective as hafnium
in making the coolant layer an effective neutron shield and will produce Pa-233 in a
highly dilute form in the coolant, largely protecting it from further neutron capture.
When the Pa-233 decays to U-233, the U-233 can be continually removed from the
coolant salt by reductive extraction into a thorium/uranium–238/bismuth alloy. The
bred U-233 is thus immediately denatured.

However, a substantial part of the breeding of new fissile material will occur in the
fuel salt itself due to its uranium content and it is expected that axial uraniumbreeding
elements will be added to the fuel assemblies to take advantage of the substantially
superior neutron yield from plutonium in fast reactors. The net breeder version of
the Stable Salt Reactor will therefore operate in a combined uranium/thorium fuel
cycle.

2.6 Economics of the Stable Salt Reactor

The Stable Salt Reactor was designed from the outset to change the current economic
paradigm of nuclear energy under which only subsidy of one sort or another allows
deployment of reactors. That can only be done by reducing the huge capital costs
associated with nuclear reactors.
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Several factors are brought together makingmajor cost reductions possible. These
are

• The intrinsic safety of molten salt fuel essentially eliminating the cesium and
iodine fission product risks to the population in the event of an accident

• Eliminating high pressure or high chemical reactivity coolants that can provide
the driving force to disperse radioactivity in an accident

• Simplifying reactor control by avoiding excess reactivity after refueling and taking
advantage of the intrinsic effect of negative temperature reactivity coefficient to
exert primary reactor control

• Use of standard steels instead of new exotic alloys
• Use of modular factory-based construction methods to reduce on-site activity
• Achieving passive decay heat removal to atmosphere after reactor shut down
instead of complex redundant active systems

• Use of standard superheated steam turbines as used in conventional power stations
instead of the bespoke low-temperature turbines required for PWR’s.

On the basis of this, Moltex Energy commissioned Atkins Ltd to independently
estimates the capital cost of a 1 GW size Stable Salt Reactor-based on UK safety
requirements and UK building costs. Their estimate for the complete nuclear island
(including reactor building, emergency diesel generators and building, control room,
fresh and spent fuel buildings)was £714/kW.MoltexEnergywith input fromSeimens
has extended this figure to include the turbine and its building, ancillary buildings,
site cost, etc., and come to a full plant cost of £1300 which compares extremely
favorable to the most recent cost estimate for a PWR in the UK of £5600/kW (for a
3.2 GW plant).

Even with the uncertainties associated with any new reactor design, this figure
provides a huge margin before the reactor becomes merely competitive with a PWR.
The current estimate in fact means that electricity production would be cheaper than
both gas and coal, and this is the precise target that nuclear energy must reach to
make the impact on global power production that is desperately needed if we are to
stop climate change.

3 Conclusions

For nuclear energy to become a real competitor to fossil fuels, its cost has to come
down dramatically. Molten salt fuel has an intrinsic advantage over solid fuel forms
due to the transformation of dangerous volatile fission products into stable non-
volatile salts. The challenge has been to find a way to use molten salt fuel that
does not create the very engineering complexity that has driven nuclear costs so
high. Use of molten salt fuel in static fuel tubes opens up that possibility. Static fuel
avoids the complexity of pumpedmolten salt system—the pumps, valves, drain tanks,
protection against freezing, leak management systems, refueling systems, chemical
treatment systems, degassing systems and so on. It allows the design of exceptionally
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simple reactors where intrinsic safety carries the burden of the safety case instead of
engineered safety systems.

The Stable Salt Reactor has been designed from the very start to achieve the cost
level to allow it to drive coal and gas out of the electricity generation market. That
is the goal of Moltex Energy.
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Molten Salt Reactor Research
in Switzerland
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Abstract The enhancement of safety, sustainability, and social acceptance is the
main requirements for a nuclear renaissance. Two Gen IV concepts, the molten salt
reactor and the high-temperature reactor, have a potential for the paradigm shift
in nuclear safety, and Switzerland is involved in the international research efforts
dedicated to both of these reactors. Due to the liquid fuel state, especially molten salt
reactor (MSR) can act as a safe, sustainable, and acceptable reactor for the future.
Main aim of the MSR research program in Switzerland is the safety. Nonetheless,
possibleMSRdesigns and so the fuel cycles are also evaluated.At the same time, tools
are being developed for MSR transient analysis and thermochemical simulations.

Keywords MSR · GEMS · GeN-Foam · EQL0D · EQL3D

1 Introduction

Switzerland is a member of the Generation Four International Forum (GIF) and
joined the GIF Molten Salt Reactor (MSR) Project in November 2015. The partici-
pation in the Gas Fast Reactor project was simultaneously terminated; however, the
participation in the very high-temperature reactor (HTR) project is ongoing. Since
the beginning of the membership, Paul Scherrer Institut (PSI) acts as the Swiss-
implementing agent in GIF.
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HTR and MSR reactors have a potential for the paradigm shift in the nuclear
safety. Compared to the other Gen IV reactors, HTR and MSR can avoid: criticality
and re-criticality accident, cladding melting, wild exothermic reactions, and steam
pressurization. HTR fuel is formed by TRISO particles in graphite matrix and is
chemically and thermally stable up to 1600 °C and even above this temperature there
is not a violent chemical reaction or sudden burst with radioactive material release.
MSR relies on liquid fuel in the form ofmolten fluorides or chlorides salts. The liquid
fuel state opens new technological horizons and obviously brings many challenges;
yet, it has also very appealing safety and fuel cycle features. Both these reactors
have excellent neutronics characteristics and can profit from the thorium fuel cycle.
Nonetheless, based on the fuel form, HTR is rather dedicated to once-through cycle
with high fuel utilization. The discharged fuel has a stable chemical form suitable for
the final repository; however, it is not straightforward to recycle. The molten salt fuel
ofMSR enables a variety of fuel cycle, but cannot be stored in final repository “as is.”
On the other hand, its pyrochemical cleaning and recycling may be simpler. Hence,
MSR has a potential to combine unparalleled safety with the long sustainability of
the closed cycle.

In the past between 1973 and 1980, there was a project called [1] Salt reactor On
site reprocessing Fast converter Task (SOFT) at Swiss Federal Institute for Reactor
Research (EIR, the predecessor of PSI) looking on chlorides-based fast MSR. It pro-
posed a reactor with 3 GWth power, four-loop layout design, and is fueled by natural
chlorides (see Fig. 1). A closed U-Pu fuel cycle with reprocessing and breeding ratio
around 1.04 was foreseen. There was 75 m3 of the salt in the core, 32 m3 outside
with a composition: 1 PuCl3–8 UCl3–10 NaCl. The core was reflected by 122 m3 of
CaCl2–NaCl and steel.

The MSR research in Switzerland is nowadays carried out within the ETH board,
predominantly at PSI. Nonetheless, the research is strongly student-oriented and the
universities ETHZurich and EPFL in Lausanne are thus also involved in the research.
Within PSI, the Nuclear Energy and Safety Division (NES) is the competence center
for nuclear reactors. Together with the two major topics, safety of current reactors
and waste management, the advanced reactor research belongs to the NES missions.
The motivation for advanced reactor research, especially for MSR, is driven by:

1. Unique combination of safety and sustainability features.
2. Variety of novel and multidisciplinary research topic.
3. Attractiveness for PhD students and postdocs projects.
4. Potential for alternative financial funding sources.

TheMSR-based innovative research project represents an important asset tomain-
tain excellence in nuclear engineering, to ensure successful recruiting of highlymoti-
vated and efficientworkforce in the coming years and to provide an attractiveworking
area for future generations of scientists and engineers.
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Fig. 1 Layout of the SOFT reactor containment (EIR report nr. 411, 1980)

2 NES Research Projects

Recently, a project on MSR was established at NES as an umbrella for several
ongoing national and international projects. In this respect, the most important is the
PSI participation in the European Horizon 2020 project SAMOFAR. There are also
four smaller ongoing national projects. Swiss National Science Foundation (SNSF)
financed in 2014 a PhD project dedicated toModular MSRDesigning for LowWaste
Production and another PhD project aiming at Nuclear Data Assimilation in Reactor
Physics, where the experimental results for Pu and Th containing PROTEUS reactor
experiment should be used to estimate uncertainty of initial Pu concentration in Th-U
cycle-basedMSR. Another project entitled “Feasibility and plausibility of innovative
reactor concepts in an European electricity supply environment” was financed in
2015 by ETH Zurich and the Fund for Projects and Studies of the Swiss Electric
Utilities. Finally, the Swiss Nuclear, the nuclear energy section of swisselectric,
recently financed a project focusing on “Chemical thermodynamic aspects of LWR
Pu and MA burning in MSR.”

The NES project is structured into four working packages (WPs) of similar
research topics, which can be further divided into general or design dependent. The
safety ofMSR, as the key point andmain interest ofNES, cannot be evaluatedwithout
knowing the system design, fuel chemistry, salt thermal hydraulics features, safety
and fuel cycle approach, and the relevant material and chemical limits. Not all of
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Fig. 2 Illustration of four
research areas and their
interdependency

these issues will be addressed at PSI; however, there are several NES competences
related to thermal and fast solid fuel reactors which are foreseen to be extended on
the MSR analysis. The four topical areas or actually WPs are:

1. Core design and fuel cycle.
2. Fuel behavior at nominal and accidental conditions.
3. Transient behavior and decay heat removal system.
4. Safety, fuel stream, and relevant limits.

These activities are interconnected, and safety represents the central point of
interest (see Fig. 2). At the same time, the structure is proposed so that there are
research topics which can be independently studied within each of the groups. In
the WP1, performance of several MSR designs was evaluated. For other working
packages, the necessary tools and codes are being prepared.

3 Fuel Cycle and Core Design

The fuel cycle and core design working packages are dedicated to the evaluation of
various MSR concepts from the fuel cycle perspective, aiming at sustainable energy
production and simultaneously limiting the waste production as well as granting a
high level of safety. The ongoing work is based mainly on the SNF PhD study and
PSEL project.

The main criterion for sustainability evaluation is the reactivity excess of different
designs in closed cycle equilibrium. For that purpose, several equilibrium cycle pro-
cedures have been developed. Initially, theERANOS-based [2] EQL3D routine [3, 4],
developed originally for solid-fueled fast reactors, has been modified [5] to simulate
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the continuous fission products (FPs) removal in MSRs. The removal is simulated
by virtual decay constants for both FPs and actinides. Recently, another procedure
named EQL0D specifically dedicated to MSR simulation has been developed [6–8].
There are three versions of this routine:

1. EQL0D v1: MATLAB–ERANOS (ECCO) coupling through reaction rates, cell-
level routine.

2. EQL0D v2: MATLAB–SERPENT coupling through reaction rates, cell or core-
level routine.

3. EQL0D v3: MATLAB–SERPENT coupling through the SERPENT burn-up
matrix, cell or core-level routine, unlike v1 and v2 it also includes fission prod-
ucts.

EQL0D v1 and v2 are MATLAB scripts coupled through the actinides reaction
rates with the cell transport code ECCO [2] or Monte Carlo code SERPENT [9],
respectively. It solves the Bateman equation by scaling and squaring method [10].
EQL0D v3 adopts the burn-up matrix directly from theMonte Carlo code SERPENT
2 and solves it by the same CRAM [11] as the code. Depending on the calculation
scheme, reprocessing and fertile material feed can be periodic or continuous. After
each MATLAB calculation, the newly computed fuel composition is provided to
SERPENT for the next iteration. The code can be run to predict the fuel composition
over user-provided burn-up steps or using an iterative scheme converging directly to
the equilibrium composition.

Several fast-spectrum MSR options have been evaluated by EQL0D procedure.
The most promising from the fluorides is the Na37Cl carrier salt. Its reactivity excess
in equilibrium closed cycle may allow for a breed-and-burn fuel strategy [12]. Flu-
orides salts provide lower equilibrium reactivity excess. The best of them is the LiF
carrier salts, the reference carrier salt of the SAMOFAR project. It was used for
several fuel cycle studies. A parametric spectral study at equilibrium cycle and at
full core level was accomplished with the EQL3D procedure [3]. A hybrid spectrum
MSR core was evaluated [13], the simplified reprocessing scheme was assessed [14],
and the continuous and batch-wise reprocessing schemes were compared in [15].

Due to the large excess reactivities of several fast-spectrum salts at equilibrium
in the above-mentioned analyses, the feasibility of operating a MSR in a breed-and-
burn (BNB) cycle was investigated. A BNB reactor is operated on an open fuel cycle
without or with minor fuel reprocessing, typically without fissile elements in the
feed. To operate continuously, the reactor must thus be capable to breed fuel excess
which is equal or grated than the discharged fissile fuel. Therefore, an excellent
neutron economy is needed, which is only achievable in a hard neutron spectrum.
For a MSR, this means that chloride salts with chlorine enriched in 37Cl are needed.
However, such a fast neutron spectrum also implies a large migration area, i.e., a
strong tendency for neutrons to leak out. To obtain a MSR of reasonable size, salts
with a high actinide density should thus be used.

Salts containing both thorium and uranium were investigated. In the case of ura-
nium, two chlorides have eutectics with low melting points: UCl3 and UCl4, but
the latter is less stable at high temperature. Nonetheless, eutectics containing both
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Table 1 Selected salts for BNB and their properties

Fuel Total and ac. densities Melt. T (°C)

68NaCl–32UCl3 3.32 1.66 g/cm3 at 900 K 520

60NaCl–40UCl3 3.64 1.97 590

80UCl4–20UCl3 3.79 2.38 545

UCl4 3.56 2.20 590

55NaCl–45ThCl4 3.15 1.61 375

ThCl4 3.82 2.33 770

55NaCl–40ThCl4–5PuCl3 ~3.15 ~1.76 ~375
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Fig. 3 Equilibrium kinf of selected salts as a function of the discharge burn-up. The colors corre-
spond to the salts in previous table, and maxima are depicted by the point

compounds were chosen as possible fuel compositions in an effort to obtain a higher
actinide density. The uranium-bearing salts selected for investigation included the
common eutectic-containing sodium chloride, NaCl–UCl3 (68–32 mol%), and a
composition with a higher uranium trichloride fraction (60–40 mol%) coming at
the cost of a higher melting point, as well as pure UCl4 and the eutectic of the
pure uranium chlorides, UCl3–UCl4 (20–32 mol%). For the thorium-bearing salts,
NaCl–ThCl4 (55–45 mol%), pure ThCl4, and a composition containing 5 mol%
PuCl3 were selected. Their properties are reported in Table 1. Of particular interest
is the achievable value of k-infinity at equilibrium, particularly its maximum, which
would give the smallest core. It is depicted as a function of the discharge burn-up in
Fig. 3.

As expected, the least diluted salts containing more actinides perform better
than the more diluted ones due to less parasitic captures on non-fertile nuclides.
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Fig. 4 Structure of the collaborative project GEMS

Thorium-bearing salts perform systematically worse than the uranium-bearing one,
unless supported by a small amount of plutonium in the feed. Essentially, all maxima
are reached at a discharge burn-up of 10–15% FIMA.

4 Fuel Behavior and Chemistry

The second working package of the NES project focuses on the MSR fuel behavior
at nominal and accidental conditions, which can be analyzed by thermochemistry
of molten salts. The variety of possible salt composition identifies the need for a
tool that is able to predict physical and thermodynamic properties of a wide range
of mixtures. The PSI in-house open-source Gibbs Energy Minimization Software
package (GEMS) package [16] thus plays a vital role (see Fig. 4) in this question.
The PSI activities grouped in this area are financed via the EU projects ACSEPT,
SACSESS, and SAMOFAR and throughMSR project financed by the Swiss Nuclear
“Chemical thermodynamic aspects of LWR Pu and MA burning in MSR.”

The utmost interest in safety evaluations are the physical properties related to
accidental conditions such as phase changes (freezing or boiling). Moreover, the
behavior of specific fission products such as 99Mo can be of great interest for med-
ical application, in particular for isotopes production. The GEMS code with the
extended HERACLES database [17] is applied to model the above-mentioned MSR
thermodynamic properties and behavior. GEMS has a modular structure and flexible
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Fig. 5 Speciation in
CsF-ThF4 system at 1073 K

database with an interface built around an efficient open-source GEMS3K numer-
ical kernel code [18] for solving phase equilibria in complex non-ideal systems.
Moreover, GEMS can be coupled with other transport or multi-physics codes that
significantly broaden extent of GEMS code applicability. It is developed at NES
since the year 2000 under the lead of D.A. Kulik.

GEMS3K also contains a so-called TSolMod code library [19] with more than 25
state-of-the-art mixing models for aqueous, gaseous, and solid solutions and melts.
This gives GEMS a broad applicability to various types of materials, e.g., fused salts,
if extended with the necessary datasets for phases and their components and mixing
models for binary interactions between the compounds.

Thermodynamic database HERACLES has been extended with the newly
obtained information on binary interaction parameters for various systems. This
information, together with the information on thermophysical properties of pure
compounds, has been used to study complex systems behavior, speciation in selected
molten salts, and Gibbs energies of formation of different species in selected melts.
Figure 5 demonstrates the speciation plot in the CsF–ThF4 system as a function of
mole fraction of ThF4. Further on, this approach been used to assess the standard
potentials for different species in the selected melts, like Mo in LiCl–KCl and MgO
in LiCl–KCl melts, and to build the E-pO2− stability diagrams for the systems of
interest [20]. The performed theoretical study provides a broad and thorough picture
ofMo andMgO speciation and electrochemical behavior in LiCl–KCl and LiF–AlF3
melts.

In caseswhen the information onbinary interactions betweendifferent compounds
in binary systems is missing, the so-called atomistic modeling is used to fill the
information gap. Usually, two main approaches are considered: molecular dynamics
(MD) and density functional theory (DFT). In particular, molecular dynamics is
used to study mixing enthalpies, excess volumes for different binary systems, polar
as well as nonpolar [21, 22], structure of solid and liquid phases. For example,
the information on the radial distribution functions (RDFs) (see Fig. 6) for Li–Th–F



Molten Salt Reactor Research in Switzerland 463

Fig. 6 Structure ofmoltenLiF–ThF4:a snapshot of themolten salt and b radial distribution function
for the salt

molten salt at 1600 K allows for direct estimation of coordination numbers (Cns) and
structure factors which can then be directly compared to experimentally determined
data from X-ray or neutron diffraction.

MD serves a reliable tool in the prediction of mixing properties, as well as struc-
tural changes effects between different compounds.Moreover,MDwas also success-
fully applied to study dynamic properties like thermal conductivity [23, 24], dynamic
viscosity, and diffusion, providing the atomistic-level information and improving the
understanding of underlying processes.

The work being performed within the “Chemical thermodynamic aspects of LWR
Pu and MA burning in MSR” project is directed toward the acquisition of the nec-
essary thermochemical data needed for the thermodynamic modeling of chemical
equilibria in fused fluoride salts along the selected burn-up path. Selected approach
allows for simulation of actinides and fission products behavior, solubility, and spe-
ciation in phases with ideal and non-ideal mixing. In addition, thermodynamic mod-
eling fosters quantitative understanding of systems at different conditions and serves
as a predictive tool to complement experimental studies. Thus, obtained information
is safety-relevant because some of the salt components may precipitate or evaporate
at a certain temperature, altering in this way composition and stability of the fuel/salt
mixture.

The ultimate aim of the second working package of the NES is the develop-
ment of the thermodynamic database for actinides, fission products, and molten salts
potentially used in MSR. The database will be used to study speciation, actinides
solubility, and chemical stability of different species in fuel salt melt. The developed
phase diagrams for the fused salt will be used to understand the options for LWR
Pu and MA burning as an initial MSR fuel. In general, MSR core cannot be prop-
erly designed without the appropriate knowledge of the salt chemical behavior. The
phase diagram and the respective salt behavior have influence not only on the fuel
cycle but also on the reprocessing strategy and safety of the reactor. The developed
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database of force field models for molten salts, actinides, and fission products can be
further used for MD modeling of complex systems to study the atomistic behavior
(structure and stability of atomic structures, reaction processes, the effects produced
by energetic neutrons and ions) and physical properties (like viscosity and thermal
expansion). The activities within the work package promote collaboration between
research institutes on an international level (TU Delft, ITU, and PSI), between lab-
oratories within NES, as well as within relevant international projects (SAMOFAR,
GIF MSR).

5 Transient Behavior and Decay Heat Removal System

In this working package, two different simulation tools for MSR transient analysis
are developed and applied. These are OpenFOAM based on multi-physics solver
GeN-Foam [25–27] and on the system code TRACE–PARCS [28–30]. MSR thermal
hydraulics is peculiar from several perspectives, and there are only a few accessible
codes which can address these peculiarities. The tasks accomplished or planned in
this working package are:

• Initial GeN-Foam solver development [25–27].
• Pre-evaluation of the heat exchangers with TRACE and salt properties inclusion
[28].

• Development of TRACE point-kinetics delay neutron precursors drift model [29].
• Development of TRACE–PARCS delay neutron precursors drift model and appli-
cation to MSRE transients [30].

• Decay heat distribution in the fuel stream of MSR [31].
• Application of the GeN-Foam [32] and the TRACE–PARCS [33] to MSRE and
MSFR, respectively.

• In 2017, PhD project was started for finalization, verification, and validation of
the two codes.

The achieved results are illustrated here by a TRACE-PARCS results example
in Fig. 7. It shows the steady-state distribution of three selected groups of delayed
neutron precursors [33] in the MSFR benchmark geometry. Another example is the
impact of anti-swirl vanes on salt flow in MSRE core [32] shown in Fig. 8. In the
selected example, the porous media approach is used and the flow is not restricted
in the radial direction. Both these tools are still in the development phase and will
need thorough verification and validation in the future.
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Group 1 Group 5 Group 8

Fig. 7 Distribution of three selected groups of delayed neutron precursors in theMSFR benchmark
geometry

Fig. 8 GeN-Foam modeling of MSRE. Illustration of the porous media approach and impact of
the anti-swirl vanes inclusion. Core with the free flow (a), included anti-swirl vanes (b), and the
circuit model (c)

6 Safety, Fuel Stream, and the Relevant Limits

The ultimate objective of the three working packages is the MSR safety. It is linked
to all other topics. Only the WP1 addresses also the sustainability, not only safety
issues. Even though safety is the major aim of the project at PSI, the activities in
WP4 are rather limited. Within the SAMOFAR project, the aerosols formation and
migration in the MSR containment atmosphere should be addressed accounting for
the formation by nucleation and growth by condensation, coagulation, and agglomer-
ation [34]. Another example is the probabilistic safety assessment (PSA) of MSR. A
simplified level-3 PSA should address the consequences of hypothetical MSR acci-
dent. The simulationwill be based on PSI’s Energy-related SevereAccidentDatabase
(ENSAD) and the experience from EU project NEEDS [35]. One MSc study related
to this WP was already accomplished. The Mini Fuji MSR reactor [36] was ana-
lyzed as a reference design using the PSA level-1. The main events leading to vessel
damage (see Fig. 9) were quantified. The salt draining system, often highlighted as
a major safety advantage, is responsible for the high core damage frequency by all
major events.
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Steam gen. tube rupture

Secondary pump trip

Loss of offsite power

Heat exch. tube rupture

1 of 2 sec. pump trip

Flow increase in 3rd loop

Flow increase in 2nd loop

Main steam line closure

Turbine trip

Fig. 9 Main events with vessel damage for Mini Fuji MSR design

7 Summary

MSR research in Switzerland focuses on selected MSR safety and sustainability
aspects. PSI as the implementing agent for GIF MSR project participation is leading
the Swiss research and cooperates with the universities through the students’ works.
PSI is also a member of SAMOFAR project consortium. The key tools in the MSR
research portfolio at PSI are: MD and GEMS code with HERACLES database for
the chemistry, TRACE and GeN-Foam for the transient analysis, EQL3D and EQ0D
for the fuel cycle analysis, and ENSAD database-related tool for the PSA analysis.
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Part VI
Water Cooled Reactors with Thorium Fuel



Hydrodynamics of AHWR
Gravity-Driven Water Pool Under
Simulated LOCA Conditions

I. Thangamani, Seik Mansoor Ali and Vishnu Verma

Abstract The advanced heavy water reactor (AHWR) employs a double contain-
ment concept with a large inventory of water within the gravity-driven water pool
(GDWP) located at a higher elevation within the primary containment building.
GDWP performs several important safety functions in a passive manner, and hence,
it is essential to understand the hydrodynamics within this pool during a LOCA.
To achieve this objective, several LOCA scenarios involving RIH break sizes rang-
ing from 2 to 50% are postulated, and the AHWR containment system response is
obtained. An in-house containment thermal hydraulics code called “CONTRAN”
is used for this purpose. The blowdown mass and energy discharge data for each
break size, along with the geometrical details of the AHWR containment, form the
main input for the analysis. Apart from obtaining the pressure and temperature tran-
sients within the containment building, the focus of this work is on simulating the
hydrodynamic phenomena of vent clearing and pool swell occurring in the GDWP.
The variation of several key parameters such as pressure and temperature within
the primary containment volumes V1 and V2, differential pressure, BOP rupture
time, vent clearing velocity, effect of pool swell on the V2 air space pressure, GDWP
water level, etc., is presented and discussed in detail, and important findings are high-
lighted. Further, the effect of neglecting the modeling of pool swell phenomenon on
the containment transients is also clearly brought out by a comparative study. The
numerical studies presented here give insight into AHWR containment transients
that would be useful to both the system designer as well as the regulator.

Keywords AHWR · Containment thermal hydraulics · GDWP · Pool swell
Numerical analysis
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1 Introduction

AHWR employs several passive safety features to assure a high level of safety during
accident conditions. One of these is the availability of a large inventory of water
(~9000m3) in theGDWP located at a higher elevationwithin the primary containment
building. It facilitates the removal of core decay heat, long-term core cooling by direct
injection, limiting of containment peak pressure and temperature, passive cooling of
the containment system, moderator system, concrete structures as well as provides
radionuclide management by dissolving, trapping, entraining or scrubbing away part
of the fission products, etc., for prolonged period. Further, it also supports safety-
related systems like the isolation condenser for decay heat removal and the passive
containment isolation system for quick containment isolation. Since a number of
important safety functions are required to be performed by the GDWP, it is essential
that the availability of GDWP should be ensured during normal and accident states.

AHWR uses a double containment envelope, i.e., a primary and a secondary con-
tainment as shown in Fig. 1. The primary containment is completely surrounded by
the secondary containment. The primary containment is divided into two volumes,
i.e., V1 and V2, for control of accessibility and efficient accident management. The
arrangement is such that volume V2 completely surrounds the volume V1. These
two volumes are interconnected by a vent system via GDWP [1]. The volume V1
houses all the high enthalpy systems like the reactor core, steam generator, and other
associated systems, and it is inaccessible during normal operation. The volume V2
contains low enthalpy systems like GDWP and is generally accessible during reac-
tor operation. V1 is maintained at a pressure slightly lower than V2 for ventilation
purpose due to which fixed quantity of fresh air from V2 is continuously drawn into
V1 through available leak area between these volumes. During a large break loss of
coolant accident (LOCA) involving double-ended rupture of the reactor inlet header,
steam is released into V1 volume of the primary containment, and subsequently
steam-air mixture is transported to the V2 volume due to pressure difference. When
the steam-air mixture bubbles through the pool of water in GDWP, the ensuing heat
and mass transfer causes steam to condense, and the cooled air finally reaches the
V2 volume air space. The GDWP internal structures are subjected to various hydro-
dynamic loads during this process. These loads are induced in a particular sequence;
first due to jet impingement on the floor during the vent clearing phase, followed
by pool swell and fall back, steam-air flow, and finally due to steady and oscillatory
condensation (steam chugging). These loads are in addition to the general thermo-
dynamic loading of the containment due to mass and energy released during LOCA
[2]. A blow-out panel (BOP) is provided as a protection measure between V1 and
V2 for pressure equalization during a LOCA, when the differential pressure exceeds
a threshold value. Numerical studies conducted earlier [3, 4] revealed that the BOP
ruptures for pipe break sizes greater than 50%, for which the V1–V2 differential
pressure exceeds 50 kPa. Pressure equilibrium is then quickly established between
V1 and V2, and flow of steam-air mixture through GDWP ceases. The conclusion
was that BOP would remain intact for pipe break sizes less than 50%, and the blow-
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Fig. 1 a Schematic diagram of AHWR containment system

down steam-air mixture passes through GDWP vent pipes continuously, thereby
maintaining the GDWP effective for a longer duration. These studies, however, did
not account for the variation in GDWPwater level and the phenomena of pool swell.

Recently, the need was felt to reevaluate the containment transients considering
the vent clearing and pool swell events. The aim was to investigate the effect of
modeling these events on the overall containment pressure and temperature tran-
sients, and to obtain an estimate of the efficacy of GDWP in absorbing the energy
of steam-water mixture discharged during LOCA. To achieve these objectives, the
capability of in-house containment thermal hydraulics code “CONTRAN” (CON-
tainment TRansient ANalysis) was first enhanced by incorporating a pool swell
model [5]. LOCA scenarios involving RIH break sizes ranging from 2 to 50% were
postulated for investigation, and some of the earlier analyses were revisited. The
transient variations of several key parameters of interest were obtained and are pre-
sented and discussed here in detail. Important findings and some safety issues are
also highlighted. Further, the effect of neglecting the pool swell phenomenon on the
containment transients is clearly brought out by a comparative study.

2 Mathematical Model

The in-house computer code CONTRAN is a multicompartment, transient contain-
ment safety analysis code. The entire containment geometry can be divided into a
network of volumes (i.e., compartments) which are interconnected by junctions (rep-
resenting the inter-compartmental openings). Each compartment consists of a liquid
and vapor region. The conservation equations ofmass and energy together with equa-
tion of state are iteratively solved for all the prevailing gas/liquid species in all the
volumes of the network. Appropriate initial conditions are provided at the start of the
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transients. The blowdown mass, energy discharge as well as activity release rates for
any break size can be given as input. The sequence of events following a simulated
LOCA is as follows; first, the V1 volume gets pressurized, thereby establishing a
flow path for steam-air mixture from V1 to V2 through the vent pipes submerged in
GDWP. The pressures exerted on the free surface in the vent pipe pushes the water
level downward, until the vent is fully cleared of water (vent clearing phase). Once
the vents are cleared, the expelled air causes a swell in the pool level. The air trapped
in the bubble is ultimately transported to the V2 air space. If BOP ruptures, during
the transient, due to high V1–V2 differential pressure, then an alternate flow path is
established between V1 and V2, in addition to the normal path described above.

The vent clearing model consists of solution to the one-dimensional momen-
tum equation for incompressible flow utilizing the V1 and V2 pressure transients
as boundary conditions [6]. The calculations are continued till the vent pipes get
cleared of water. Vent flow velocity, change in water level in vent pipe as well as in
GDWP can be obtained as output. Once the vents are cleared, subsequent calcula-
tions are performed by the pool swell model. An air bubble is assumed to form at
the end of the vent pipe and detaches if its diameter is twice the vent pipe diameter
[7, 8]. The bubble growth, detachment, translation in the GDWP pool, water level
increase, etc., can be predicted. The bubble growth (i.e., bubble radius) is calculated
by solving Rayleigh–Plesset equation [9] by considering a spherical bubble forma-
tion. Isothermal conditions are assumed to prevail within the air bubble. The bubble
radius calculated at every instant is used for calculating the rise in pool level. The
detached bubble is assumed to have initial pressure same as V1 volume pressure.
After detachment, the vertical migration velocity of free bubble due to buoyancy is
calculated by solving one-dimensional transient momentum equation for the bubble
transport in an infinite medium.

3 Numerical Analysis

The entire numerical analysis is carried out using the upgraded version of CON-
TRAN described earlier. The primary containment is divided into two volumes (V1
and V2), which are interconnected by four different types of junctions, i.e., break
junction, vent junction, BOP, and a flow junction representing a ventilation unit as
shown in Fig. 2. Although a single vent pipe is modeled, the net effect of several vent
pipes is obtained by multiplying the single vent results with total number of vent
pipes. The fluid mass and energy blowdown data for a given break size of LOCA
are the main inputs to this code, apart from the geometrical details of AHWR con-
tainment building, GDWP and vent system, etc. [10, 11]. Within each time step, the
mass and energy conservation equations in each of the two volumes are solved to
obtain the pressure and temperature. The momentum equation for vent clearance,
Rayleigh–Plesset equation for bubble formation and growth, and bubble migration
velocity in the vertical direction are solved using fourth-order Runge–Kutta method.
The pressure in the upstream volume (V1) and downstream volume (V2) form the
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boundary conditions for the solution of the momentum equations (for flow in vent
pipe) in each time step. For the vent clearing phase, the level transient in the vent pipe
as well as the interface velocity is obtained. For the pool swell phase, transient varia-
tion of bubble radius/volume before its detachment, free bubble volume and velocity
during translation, GDWP water level rise, and V2 volume air space pressurization
due to water level swell are all obtained. The total change in GDWP level during
the pool swell phase is obtained by accounting for the contribution due to bubble
formation/growth at vent pipe exit, its growth and translation as a free bubble. The
time step sizes chosen for capturing the vent clearing and pool swell transients are
10−5 and 10−6 s, respectively.

4 Results and Discussion

Numerical studies are conducted for LOCA break sizes ranging from 5 to 50%. To
highlight the effect of pool swell phenomena on the containment pressure transients,
the analyses have been carried out with and without modeling of the phenomena.

Figure 3a–d shows the comparison of pressure transients with and without the
modeling of pool swell phenomena for LOCA involving RIH break sizes of 50,
30, 10, and 5%, respectively. When pool swell phenomenon is not considered, it
was found that the differential pressure across BOP (pressure in V1-pressure in V2)
exceeds 50 kPa for the 50% LOCA case and causes BOP to rupture. This is evident
from Fig. 3a. In all the remaining cases, where the break size is <50%, the BOP
does not rupture, and the steam-air mixture continues to pass through GDWP as
long as the driving force exists. When the pool swell phenomena is appropriately
modeled, back pressure in V1 volume increases due to increase in GDWPwater level
created by vent clearing and formation and transport of bubbles. Consequently, the
BOP ruptures and establishes a flow path, bypassing the GDWP. Rupture of BOP is
observed for all the break sizes, and the predicted containment peak pressures are
higher. Further, for break sizes of 50 and 30%, flow from V1 volume takes place
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Fig. 3 Containment pressure transientswith andwithout pool swellmodel for various LOCAcases;
a 50% RIH break, b 30% RIH break, c 10% RIH break, and d 5% RIH break

through GDWP as well as BOP, whereas for the 10 and 5% break sizes, flow takes
place through BOP only.

Figure 4a, b shows the variation of differential pressure between V1 and V2 for
different break sizes with and without accounting for pool swell phenomena. For
all break sizes, during initial phase of transient, it is observed that the V1 volume
pressure reduces from 100 to 70 kPa for a short duration. This is due to decrease inV1
volume temperature from initial values of 285 °C down to ~70 °C. This reduction in
V1 pressure has the potential to cause siphoning of GDWP water into V1 volume. If
pool swell phenomenon is not modeled, then the flow through GDWP is continuous.
However, when pool swell is modeled, the flow becomes oscillatory due to formation
and detachment of bubble from vent pipe exit. Figure 4a depicts this behavior for
the 50 and 30% break cases. For the 10 and 5% break sizes, differential pressure
oscillations are not observed since no flow occurs through the vent pipes. Pressure
equalization between V1 and V2 takes place after 100 s in all the cases, as the
blowdown inputs is provided till that time only. As high enthalpy coolant flashes
into V1 volume at atmospheric pressure, it is assumed to mix uniformly with V1
volume air, and thereafter the temperature is calculated based on energy balance in
each time step. The temperature decreases during initial stages of transient because
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Fig. 4 Containment differential pressure transients for various LOCA cases; a considering pool
swell, b without considering pool swell

steam absorbs energy from air (which is initially at 285 °C), due to latent heat and
high specific heat of steam.

Figure 5a, b shows the containment temperature variation in V1 and V2 volume
for different break sizes accounting for pool swell phenomenon. Figure 5c, d shows
the corresponding plots without considering the pool swell. These figures show that
temperatures are higher in the former case. This is due to low flow of steam-air mix-
ture through GDWP (i.e., less energy absorption in GDWP) and more flow through
BOP. It is also evident from Fig. 5b that for 50% break size, V2 temperature is much
higher. This can be attributed to the early opening of BOP.

Figure 6a shows the variation of interface velocity in vent pipes for different
break sizes. As per the modeling convention, negative velocity indicates the flow of
water in downward direction. It is clear that the interface velocity at vent pipe exit
is quite low for the all break sizes. The hydrodynamic load induced by emerging
jet may not be significant during this phase of the transient. After the vent clearing
phase, bubble formation takes place at the exit of vent pipes, and it has been assumed
that the air bubble, after reaching two times the vent pipe diameter, detaches from
vent pipe and a new bubble will be formed thereafter. The detached bubble moves
freely in the pool water with initial pressure being equal to V1 pressure. The bubble
then starts to grow if bubble pressure is higher than the combined pressure of V2
volume and hydrostatic pressure due to GDWP water level. However, if the bubble
pressure is lesser than sum of V2 and hydrostatic pressure, it undergoes contraction.
Therefore, after release the bubble size undergoes oscillation till it breaks into V2
volume air space. The variation in bubble size is shown in Fig. 6b for the 50% break
size case. It can be observed that the bubble radius reaches up to 1.4 m before it
breaks into V2 volume. The frequency of this bubble formation and detachment
process is approximately 3 Hz (i.e., three times per second). This process of bubble
formation, growth, and subsequent movement of free bubble causes the water level
to oscillate in the pool. This is depicted in Fig. 6c for the 50% break case. As the
bubble breaks into V2 volume, the water level falls back to original level, and it then
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Fig. 5 Containment temperature transients for various LOCA cases; considering pool swell a V1-
volume, b V2-volume; without considering pool swell c V1-volume, d V2-volume

rises due to the growth of subsequent bubble. The rise and drop in pool level causes
hydrodynamic load over pool structures. Figure 6d shows the variation of pressure
within the bubble, V2 volume air space, and the GDWP hydrostatic pressure, for the
50% break LOCA case considering pool swell. The bubble formation, detachment,
and migration to V2 volume air space including the bubble break constitutes one
cycle. The gradual overall rise in V2 volume air space pressure is due to added mass
of air. The minor pressure fluctuation is due to GDWP level variation. The GDWP
level change influences the hydrostatic pressure as shown in Fig. 6d. The transients
for bubble radius, GDWP level, pressure, etc., for the 30% case are similar to 50%
break LOCA. Since BOP panel gets ruptured for all the break sizes, the flow through
GDWP gets reduced. Since large quantities of noncondensable (air) passes from V1
to V2 along with steam, the possibility of occurrence of steam chugging phenomena
and associated loads are minimal. The calculated average rise in pool level is around
1.4 m which is less than the available clearance height of 1.9 m.
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Fig. 6 a Vent clearing transients in GDWP; for 50% LOCA case, b variation of bubble radius in
GDWP; c water level in GDWP; d pressure transients in GDWP

5 Conclusions

This paper presents a detailed thermal hydraulic analysis for AHWR containment
transients under simulated LOCA scenarios involving RIH breaks of various sizes
(2–50%).At the outset, a brief description of theAHWRcontainment system is given.
Then a description of the salient features of the in-house computer code CONTRAN
that is used for the analysis is given, followed by the analysis methodology. The vari-
ation of several key parameters such as primary containment pressure, temperature
and V1–V2 differential pressure with time, vent clearing velocity and time, effect of
pool swell on the V2 air space pressure, GDWP water level, etc., are presented and
discussed. The effect of neglecting the pool swell phenomenon on the containment
transients is clearly brought out by a comparative study. It was found that by account-
ing for the pool swell phenomenon in the modeling, the BOP ruptures for all LOCA
cases, whereas it is not so if that effect is neglected. Therefore, the GDWP efficacy in
condensing the steam discharged during LOCA is perhaps over predicted if the pool
swell phenomenon is neglected in the modeling. Another issue that came to light is
that the pressure in volume V1 is very low in the initial phase of the containment
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transients, which indicates the possibility of siphoning of GDWPwater into V1. This
needs to be taken into account during the design of the vent system. The numerical
studies presented this paper give insight into containment transients that would be
useful to both the system designer as well as the regulator.
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Experimental Measurement and Analysis
of Natural Circulation Flow Oscillations
in a Vertically Heated Channel

J. Aparna, A. K. Nayak and A. Rama Rao

Abstract Fuel utilization andpassive safety are someof the important design aspects
of advanced reactors. Thorium due to its abundance and importance in providing sus-
tainable energy has been considered as future fuel for advanced reactors in India such
as advanced heavy water reactor (AHWR) and compact high-temperature reactor.
AHWR uses thorium-based fuel and has passive natural circulation of water in par-
allel channels in its primary heat transport and decay heat transport systems. The
two-phase boiling heat transport system exhibits oscillations and flow instabilities
in varying scales in operating and accident conditions and they influence the ther-
mal and reactivity margins in design. Experimental studies on natural circulation at
low pressures assume importance in understanding the heat transport mechanisms
and system behavior in case of a loss of coolant accident or a pressure boundary
failure. The present research work highlights the multimodal oscillations, measured
in a boiling natural circulation loop and experimental studies on the physics behind
the components contributing to the flow oscillations. The boiling parallel channels
of the facility are vertical with central heater simulating a typical vertical coolant
channel with fuel in a nuclear reactor. The bubbles and slugs in the flow channel have
been observed to form and coalesce around the length of the heater and flashing has
been observed at a higher elevation. The sequence of events has been nearly similar,
but appeared faster at increased heating rates. The overlapping temporal and spatial
events in the channel lead to new nonlinearities and multimodal chaotic oscillations.
Advanced signal analysis methods have been applied to the signals to study the
time-evolving characteristics of flow oscillations at different channel heating rates.
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1 Introduction

Multimodal oscillations are observed in natural circulation flows, due to various
concurrent temporal and spatial phenomena. The instabilities such as flow excursion
or flow reversal, geysering instability, flashing induced instability, and type I low
steamquality densitywave oscillation (DWO) have been reported in the literature [1].
Flow reversal instability has been reported when the channel pressure drop decreases
with increasing flow. Geysering occurs due to condensation effects and flashing due
to reduced static pressures with elevation. Density wave oscillations appear in a
vertical channel due to the buoyancy effects. A small change in quality results in
significant change in void fractions and buoyancy head, resulting in flow oscillations
identified as low steam quality DWOs. Flashing oscillations have been observed in
vertical channels with tall risers in natural circulation loops [2]. Geysering, density
wave and pressure drop oscillations have also been reported in vertical channels.

Two-phase flow instabilities and stability margins in advanced nuclear reactors
have also been extensively reported in the literature; however, a detailed measure-
ment and flow visualization of dynamic physical phenomena responsible for the
multimodal flow oscillations have not been reported widely. In this present study,
flow visualization of physical phenomena in an annular flow channel and the mea-
sured flow oscillations has been discussed. The vertical heated channel of the facility
is one meter in length and the fluid around the central heater underwent a series of
events like nucleation of bubbles, coalescing of bubbles and condensation, coalesc-
ing of bubbles to slugs, formation of slugs, flashing, steam separation and repetition
of the sequence, after a gestation period. In the literature, geysering is described to
occur due to condensing of vapor bubbles and flashing is described to be a sequence
of vapor formation at an elevation where the fluid is at saturated conditions. The
channel based on the observation of oscillatory patterns, appeared to undergo mostly
geysering andflashing instabilities at lowheating rates up to 800W.At higher channel
heating rates, the event appeared to occur in rapid succession.

2 Description of the Experiments

Flow in natural circulation system is induced by the differences in fluid density due
to heating. The flow oscillation in a ten channel natural circulation experimental
setup has been taken up to study the individual heated channel flow oscillations.
The parallel channels in the facility are connected individually to a common steam
drum and a header [3]. The individual vertical channels simulate coolant channels
housing fuel, being simulated by a centrally located heater, as illustrated in Fig. 1.
The heated channels are made of transparent borosilicate glass for flow visualization.
The heater power in individual channels can be varied and the steam generated in the
steam drum is cooled and the condensate is returned to the steam drum. The cooling
section has a radiator with a constant speed fan and a cooler. The variables in the
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Fig. 1 Natural circulation
loop schematic of the parallel
channel experimental setup

loop are the steam drum level and heater power. The loop design is largely to aid flow
visualization and hence has not been insulated except for the steam line to the cooling
section. The loop is designed for atmospheric pressure and boiling conditions. Flow
oscillations in the heated vertical channels have been measured at different heating
rates and the corresponding high-speed photography of the phenomena in the annular
flow channel around the heater simulating fuel has been described in the following
sections.

The parallel channels are instrumented with flow, temperature, and power mea-
surements. The inlet flow of individual parallel channels is measured by bidirectional
venturi flow meters in the horizontal leg where there is no boiling and the flow is
in a single phase. The differential pressure across the flow meter has been measured
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using fast sampling pressure transducers and data recorders for capturing the tran-
sients at different channel powers. Flow oscillations in the channels have also been
photographed at a rate of 1000 frames per second [4].

2.1 Time-Evolving Nature of Flow Oscillations

The heaters in individual flow channels have been maintained at 400 W. Initially
convection from the central heater to the fluid in the annulus could be seen and as
the inlet temperature reached nearly 98 °C, intermittent flow oscillations appeared
in the flow annulus. The sequence of events in a single oscillation cycle started
with the formation of bubbles. Initially few bubbles are formed and are seen to
move downstream and condense. Subsequently, the bubbles coalesce into small slug,
followed by condensation and formation of longer slugs in succession. The slugs
move downstream due to the buoyancy head, followed by successive steam packets
appearing at a higher elevation in the heated channel. Slugs move downstream and
boiling appears initially at the trailing end of the slugs. This is followed by formation
of steam packets flashing in quick succession at a higher elevation and restoration of
single-phase condition in the vertical channel. The cycle repeated at regular intervals
depending on the gestation time required for heating up the channel fluid to saturation.

The flashing boundary appeared to vacillate continuously. The local vacillation
during flashing, for visual observation, looks to be due to instantaneous rollover of
colder fluid from above, as steam separates and moves to the steam drum. High-
speed photographs have also been investigated for substantiating the observations.
The frequency of oscillations in the channel due to slugs and flashing events was
distinguishable by signal analysis methods. As the power in the channel is increased
from 400 to 2000W, the successive events appeared rapidly and the boiling boundary
shifted to lower elevations. The vacillations were intense with a wider length and are
of higher frequency.

The formation of vapor bubbles, slug formation events in adjacent channels were
not simultaneous and had time delay between them. This observation has been mea-
sured as phase shift in flow measurements in adjacent channels. The boundary con-
ditions in the steam drum and header have been the same for the channels and the
phase shift among the channels was random with time.

The reported literature in flow oscillations has been mostly described using the
channel temperatures and a qualitative description of the flow oscillations as bulk
phenomena based on discrete spatial observation using void fraction measurements.
The measurement of channel temperature and void fraction is discrete in nature and
does not carry spatial information of a loop, as in the case of pressure measurement.
Flow or pressure measurement in one location in a closed loop carries the space-
shifted and time-shifted information due to mass/flow conservation within the loop.
In this research work, an attempt has been made to explain the events individually to
understand the multimodal oscillations observed in the channel flow in a quantitative
manner.
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The sequence of events resulting in flow oscillations at 800 W channel power has
been described in the first section with high-speed photographs. The next section
deals with the empirical mode decomposition of the flow signals into individual
events.

2.1.1 Parallel Channel Flow Oscillations

Parallel channel oscillations have been widely reported in the literature for up to four
channels. The flow oscillations in adjacent channels have been reported to occur
in different points in time generating phase shift between them. In this experiment,
the first six consecutive parallel channels had been maintained at individual channel
powers of 400 W and flow oscillations have been recorded.

The middle channels have recorded higher peak-to-peak amplitude compared to
the outer ones. In the duration of recorded flow, channel 1 oscillates first followed by
channel three and two, as illustrated inFig. 2. The timedelay observed in thefirst set of
oscillations between the three channels tends to reduce in the next set of oscillations.
After two cycles, channel two and three are in phase. After six cycles, channels
one and three are in phase. Subsequently, the flow oscillation amplitudes have been
observed to decrease. Similarly, channels four and five and four and six have also
been observed to be in phase, in between the oscillations, as illustrated in Fig. 3. As
the power is increased, the randomness in the oscillations also increases with varying
degrees of peak-to-peak amplitudes, oscillation periods, and a time delay between
the oscillations in parallel channels. These oscillations in individual channels are
communicated to the steam drum and bulk oscillations have been visualized through
the borosilicate glass windows of the steam drum.

Visually, the flow oscillations had been observed to constitute a systematic set of
events like formation of bubbles, slugs, and beat type to and fro oscillations in the
channel at low power and as the channel power is increased the interactions between
the events appeared to increase in intensity. At low powers, the channel had boiling
at higher elevations, and at higher power, nearly 75% of the channel had slugs and
void. The parallel channels displaying spatial and temporal oscillatory events at a
single instant of time have been illustrated in Fig. 4.

The flow oscillations in a single channel at 800 W power have been taken up and
the individual events constituting one oscillation have been discussed. The sequence
of events appears to be nearly the same with increased channel power, except for the
intensity and timescale.
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Fig. 2 Flow oscillations in channels 1, 2, and 3 at a channel power of 400 W

Fig. 3 Flow oscillations in channels 4, 5, and 6 at a channel power of 400 W
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Fig. 4 Natural circulation in adjacent parallel channels with different local phenomena at the same
instant

3 Analysis of Flow Oscillations Using Time-Frequency
Techniques

The flow dynamics measured in the channel at any time has the instantaneous sig-
nals smudged by space-shifted signals due to flow. These flow oscillations observed
in a natural circulation system are structurally different from the flow turbulence,
which are conventionally low-pass filtered in industrial measurements for obtaining
a stable reading. Hence to capture the constituent high-frequency components of the
oscillations, one of the channel flows was measured using a Keller make differen-
tial pressure transducer across the Venturi flow meter, at a high frequency with a
sampling rate of 40 Hz.
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Since the signal had both temporal and spatial components, the FFT analysismeth-
ods were not suitable as the time information is lost in integration and would only
give the frequency content. Hence to preserve the time and space information, time-
frequency signal analysis methods such as wavelet transform and empirical mode
decomposition methods have been applied to the signal. Empirical mode decom-
position derives the scaling function from the signal itself and would give more
meaningful insights into the oscillations, when compared to using standard basis
wavelets in the wavelet transforms.

3.1 Empirical Mode Decomposition of Flow Oscillations

Empirical mode decomposition (EMD) is a signal analysis technique to decompose
a time-evolving signal into its simple intrinsic modes of oscillations [5]. EMD is an
adaptive technique emphasizing the local embedded characteristics of the signal and
each segregated oscillatory mode is called an intrinsic mode function (IMF). The
sifting of the signal for intrinsic modes is terminated, when the residue becomes a
monotonic function or when the standard deviation criterion is achieved between the
consecutive intrinsic mode functions. The measured flow signals corresponding to
a single flow oscillation and its constituent five intrinsic mode functions obtained
by EMD technique at a channel power of 800 W have been illustrated in Fig. 5.
The measured flow signal at 800 W is a periodic signal with embedded temporal
oscillations. The physical phenomena corresponding to each of them have been
identified by a comparative analysis of empirical mode decomposed signals and the
high-speed photographed events in the same time frame.

The first and second peaks in the signal and the corresponding inset figures illus-
trate the formation of slugs. The third inset image illustrates the flow reversal and
the formation of vapor bubbles at the tail end of the reversing slug. The fourth inset
indicates the growth andmovement of the slug in the upward direction and formation
of more vapor bubbles at its tail end. The fifth in sequence indicates the formation
of another slug at the trailing end of the first slug and all these events had been
discussed in text along with Fig. 14. The fifth and sixth inset figures illustrate the
upward movement of the slug and the formation of vapor bubbles in the channel.
The seventh inset illustrates the flashing and formation of steam which have been
discussed in text along with illustrations in Fig. 15. As the slugs and steam move
to the steam drum, buoyancy head decreases and the channel flow also decreases
resulting in a decrease in the amplitude of the periodic oscillation. Due to flashing,
quick succession of vapor bubbles is formed in the channel, and they appear as oscil-
latory modes in the falling edge of the measured signal. Further, the appearance of
successive steam packets at different elevation creates a visually vacillating boiling
boundary. The flashing and the upward movement of the boiling boundary are illus-
trated by the inset images 8–11, embossed on the falling edge of the measured signal
in Fig. 5.



Experimental Measurement and Analysis of Natural … 489

Fig. 5 Empirical mode decomposition of flow signals at a channel power of 800 W with corre-
sponding inset photographs of local phenomena (inset images 1–11 viewed from left)

3.2 Description of the Physical Phenomena Based
on Intrinsic Mode Functions

The intrinsic mode functions derived from the measured flow signal when analyzed
with the high-speed video images appear to represent the physical phenomena in the
channel. The first four intrinsic mode functions of the signal have the temporal and
spatial oscillation-related information and the fifth intrinsic mode function indicates
the resulting cumulative channel flow (Fig. 5). The initial oscillations in the first
intrinsic mode function occur first in time trace and they correspond to the first slug
in the channel and its growth. The next temporal event appears in the second intrinsic
mode function, which corresponds to the formation and growth of the second slug,
flow reversal, and formation of vapor bubbles in the trailing edge of the slugs. These
two events are closely followed by a rate of change of flow in the fifth intrinsic mode
function, which gives the cumulative flow in the channel. The substantiation of the
phenomena is based on the observation that the change in intrinsic mode function
IMF 5 trails the events in the other intrinsic mode functions.

The next event in time axis is the successive formation of vapor in flashing. There
are five distinguishable successive vapor formations, indicated by five oscillations
in the trailing end of the first intrinsic mode function. This observation has been
supported by the high-speed photographs as indicated as insets in Fig. 6. The shifting
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Fig. 6 Energy versus frequency (Hz) spectrum of intrinsic mode function 1

Fig. 7 Energy versus
frequency (Hz) spectrum of
intrinsic mode function 2

in successive flashing location appears to be due to the rollover of hot flashed fluid
from below the cooler fluid layer (Fig. 7).

The third intrinsic mode function is a sub-harmonic of the first IMF and the fourth
IMF is a sub-harmonic of the second intrinsic mode function. This observation is
substantiated by their dilated replication in time domain and by their frequency
spectrum. The frequency spectrum of the first intrinsic mode function as given in
Fig. 6 has its components between 1.8 and 4 Hz with very close frequency peaks,
indicating beat patterns in the flow signals. The beat patterns generated in the flow
signals are due to the superposition of oscillations with very close frequencies.When
the superposition is constructive, the amplitudes get added, and when in out of phase,



Experimental Measurement and Analysis of Natural … 491

Fig. 8 Energy versus
frequency spectrum of
intrinsic mode function 3

Fig. 9 Energy versus
frequency (Hz) spectrum of
intrinsic mode function 4

the amplitudes cancel each other, and the envelope of the beat cycle is at a differential
frequency of the two oscillations. The frequency spectrum of the third intrinsic mode
function as indicated in Fig. 8 has its components lay between 0.9 and 2Hz, indicating
the sub-harmonic content of IMF 1 in the spectrum. The frequency spectrum of IMF
3 indicates close peaks in frequency content similar to IMF 1, indicating beat cycles
in the flow.

The frequency spectrum of IMF 2 as indicated in Fig. 7 has its maximum energy
peak at 2.5 Hz, and intrinsic mode function 4, as indicated in Fig. 9, has its maximum
energy peak at 1.25 Hz, indicating the sub-harmonic contents of IMF 2. The beat
frequencies in the signals and the sub-harmonics in the intrinsic mode functions
appear to be due to the transit time of the to and fro flow oscillations.
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Fig. 10 Energy versus
frequency spectrum of
intrinsic mode function 5

The intrinsic mode function 5 is indicated in Fig. 10 and represents the cumulative
flow in the channel due to the local physical events. The observation of beat cycle
phenomena in the signals is substantiated by the high-speed photograph of the slugs,
their growth, forward motion which is followed by flow reversal, as illustrated in
Fig. 5. The natural circulation flow in the channel is due to the cumulative effects of
all the intrinsic mode functions, which represent the spatial and temporal physical
phenomena in the channel.

4 Description of the Sequence of Events in a Single Flow
Oscillation Using High-Speed Photography

High-speed video imaging of the flow oscillations with 1000 frames per second
has been carried out for generating insights into the visually observed and physically
measured events in the flow annulus around the heater. Images representing observed
phenomena that can be compared to the signal have only been illustrated for brevity.
The inset images in Fig. 5, giving the intrinsic mode functions corresponding to
slugs, flow reversal, and flashing, have been discussed with more images for giving
a complete perception of events constituting a single flow oscillation.

Figure 11 illustrates the adjacent channels at 800 W channel power with different
stages of observed flow sequences. The first inset image indicates the formation of
bubbles and the second channel indicates the bubbles coalesced to a small slug. The
phase difference in themeasured flow oscillations of adjacent parallel channels could
be explained by this observation. Figure 11 also illustrates the measured elevations in
displacement of slugs and vacillations in the boiling boundary. The actual elevation
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Fig. 11 Different stages of
boiling phenomena observed
in a single time instant in
parallel channels

from the center of the Venturi flow meter (Fig. 1) is obtained by subtracting the
indicated scale value in the photograph, from 1100 mm.

4.1 Channel in Single-Phase Condition

Before the inception of oscillations and during the gestation period between oscil-
lations, the channel has convective currents, which could be seen visually in the
channels.
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Fig. 12 Formation of
bubbles from the heater
surface and their upward
motion

4.2 Formation of Bubbles from the Heater Surface and Their
Upward Motion

In this phase, convection currents become prominent adjacent to the heater and
bubbles start forming closer to the heater, move up and condense at a cooler region
above the heater. Figure 12 comprises photographs of three consecutive events as
insets. The first inset indicates the formation of vapor bubble at an elevation of
600 mm, the second inset figure indicates its vertical movement up to 625 mm,
and the third figure indicates condensation and disappearance of the bubble. The
formation and condensation of a bubble in the channel have taken 113 ms.

4.3 Coalescing of Bubbles

The condensation results in a lower channel pressure and accelerates the vapor for-
mation with an increased enthalpy of the fluid due to heating. The bubbles formed in
quick succession, move up, or condense depending on the fluid temperature [6]. Sub-
sequently, the bubbles coalesce into slugs and from this event, the measured channel
flow appears to increase, which could be observed by the upward movement of the
slug as illustrated in the inset photographs of Fig. 13.
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Fig. 13 Coalescing of bubbles into slug, their upward movement and condensation

4.4 Formation of Slug and Its Growth

The first inset in Fig. 13 indicates three bubbles before coalescing at an elevation
of 700 mm, the second inset picture illustrates the coalesced slug at 720 mm, the
third to fifth inset pictures illustrate the movement of slug from 770 to 840 mm
elevation in the channel, and the sixth inset photograph indicates the condensation
and disappearance of the slug. The coalescing and condensation of slug and a vertical
travel of 140 mm occurred in a duration of 705 ms. Longer slugs form as the fluid
enthalpy increases.

4.5 Flow Reversal and Formation of Bubbles at the Reversed
Trailing Tail of the Slug

Figure 14 illustrates events associated with slugs. The slug formed in the channel
grows in the upward direction, initially resulting in increased buoyancy head, leading
to increased channel flow.The increased channel flow results in simultaneous forward
motion of the growing slug. This forward surge of the slug is followed by a flow
reversal which appears to be due to the inertial effects of the channel flow. The flow
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Fig. 14 Formation of slug, growth, flow reversal followed by formation of bubbles at its trailing
tail

reversal results in a falling fluid film which is at a higher temperature, resulting in
the formation of vapor bubbles, i.e., bulk boiling of low frequency at the tail end
of the slug. Due to the increased buoyancy head by the formation of bubbles and
the continuous heat input in the channel, the inertial flow reversal is followed by
continued slug growth, due to reduced elevation head, accompanied by an upward
motion due to the dynamics in the channel. The inset images 1–5 are illustrated in
Fig. 5 besides the corresponding signal peaks.

4.6 Formation of Bubbles at Quick Succession
at an Elevation of 900 mm During Flashing
and Continuous Oscillation of Boiling Boundary

Thefirst inset picture inFig. 15 illustrates theflashing at an elevationof 900mmwhere
the single-phase fluid flashes to vapor in quick succession. The second inset picture
illustrates the flashing at an elevation of 850mm, and the third inset picture illustrates
the flashing at an elevation of 950 mm. In the fourth inset picture, the flashing occurs
at an elevation of 920 mm. Flashing at different but adjacent elevations appears as
oscillating boiling boundary in the channel. Flashing at different elevations appears to
be due to convection rolls [7]. During flashing, the hot vapor–water phase lies below
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Fig. 15 Flashing and oscillating boiling boundary

the relatively cooler fluid, resulting in rollover of the fluid pocket followed by steam
separation. This results in local temperature gradients and shifting the successive
boiling elevations. This continuous chugging and oscillating boiling boundary has
been visually observed and can also be seen in Fig. 15. The inset images 1–5 are
illustrated as inset images 7–11 in Fig. 5, besides the corresponding signal peaks.

4.7 Upward Movement of the Boiling Boundary and Channel
Returning to Single-Phase Condition

The lower boiling boundarymoves up due to the flow in the channel from an elevation
of 610 to 900 mm, i.e., by 290 mm in 1208 ms, as illustrated in Fig. 15. The seventh
inset picture indicates the channel returning to single-phase condition.

5 Summary

Natural circulation flow oscillations in a vertical heated channel have been observed
to be due to the agglomeration of distinct and interacting spatial and temporal physical



498 J. Aparna et al.

phenomena. Experimental work has been carried out in vertical heated channels at
400W and at 800W power to substantiate the observation of multimodal oscillations
and to further describe the constituent temporal and spatial physical events in the
channels. Empirical mode decomposition technique has been used to split the flow
signals into intrinsic mode functions and their spectral content has been identified
by fast Fourier transforms. Visual observation, measured flow oscillations, intrinsic
mode functions, and the corresponding high-speed photographs have been studied
concurrently for identifying significant physical events in the channel such as the slug
formation, slug growth, flow reversal, flashing, and oscillating boiling boundaries in
the channel. The empirical mode decomposition of the flow signal, their frequency
spectral analysis, and high-speed photography has given valuable insights into the
time-evolving nature of the flow oscillations, contributing physical phenomena, sub-
harmonics oscillations, and beat cycles in their flow pattern.
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Estimation of Large Early Release
Frequency for Advanced Heavy Water
Reactor

T. V. Santhosh, I. Thangamani, A. Srivastava, Gopika Vinod, Vishnu Verma
and P. K. Vijayan

Abstract A framework for estimation of large early release frequency of a nuclear
power plant is presented in this paper. The study aims at evaluating the reliability of
containment safety features and analysing the physical processes such as timing and
magnitude of radioactivity release. The release categories were formulated based on
the amount of release of fission products (FPs) and their time of release. Reliability
analysis of engineered safety features (ESFs) of containment was carried out using
fault tree technique. The end states of containment event trees were formulated
qualitatively based on the expert judgement, and the release categories were assigned
accordingly. For interfacing with Level 1 probabilistic safety assessment (PSA), the
plant damage categories were modified to include aspects such as time and extent
of core damage and amount of metal–water reaction. Containment event trees were
developed for these plant damage states, and the large early release frequency (LERF)
was estimated for the advanced heavy water reactor (AHWR).

Keywords Probabilistic safety assessment · Large early release frequency
Loss of coolant accident · Emergency preparedness · Nuclear power plant

1 Introduction

Safety is of paramount importance in nuclear industry. Safety analysis is conducted,
both deterministically and probabilistically, to establish and confirm the design basis
of equipment important to safety. Probabilistic safety assessment presents a struc-
tured framework for quantitative evaluation of safety of nuclear power plants (NPPs).
The assessment is conducted based on internationally accepted guidelines such as
IAEA SSG-4 [1]. Level 2 PSA examines severe accidents through a combination of
probabilistic and deterministic approaches to determine the release of radionuclides
from containment including physical processes involved in the loss of structural
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integrity of the core. The probabilistic part of the study addresses the reliability
evaluation of containment safety features, whereas deterministic part concentrates
on the analysis of physical processes of an accident (i.e. timing and magnitude of
radioactivity release), and evaluation of containment response. The important tasks
involved are: (i) categorization and grouping of accident sequences into a number
of plant damage states (PDSs), (ii) construction of containment event trees (CETs),
(iii) development of CET top event and its quantification, (iv) assignment of release
categories and (v) estimation of LERF for emergency preparedness.

2 Advanced Heavy Water Reactor

Advanced heavy water reactor is a 920 MWth vertical pressure tube type boiling
light water cooled and heavy water moderated reactor [2]. The reactor core is housed
in a low-pressure reactor vessel called Calandria which contains heavy water that
acts as both moderator and reflector. This advanced reactor incorporates various
passive features for decay heat removal, containment cooling and isolation. One
of the salient design features of AHWR is the way the heat removal is achieved
through natural circulation of primary coolant with no any primary coolant pumps.
Natural circulation is achieved in systems such asmain heat transport (MHT) system,
containment, emergency core cooling system (ECCS) and isolation condenser (IC)
circuit.

3 Interface with Level 1 PSA

Level 1 PSA culminates with the failure sequences that may lead to a situation of
type core damage. Level 2 PSA starts with these failure sequences and models their
accident progression. Such failure sequences owing to their large numberwith similar
behaviour are typically grouped and defined as PDSs. From Level 1 PSA of AHWR,
PDS categories are as shown in Table 1.

4 Development of Containment Event Trees

The sequence of accident progression from core damage to the containment, and
subsequent release of radioactivity under each PDS needs to be modelled in Level
2 PSA. Typically, event tree approach is employed and the resulting event trees are
referred as containment event trees. These event tree models take into the account of
all physical and chemical processes that may occur upon severe accident.
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Table 1 Plant damage states derived from Level 1 PSA of AHWR

Type Fuel damage
category (FDC)

Description Event sequence

Severe accident
beyond design
basis

FDC3A Temperature more
than 1200 °C

Large break loss of coolant
accident (LBLOCA) along with
failure of shutdown system
(SDS) 1&2, loss of regulation
accident (LORA) (all control rod
withdrawal failure) with failure
of SDS 1&2

FDC3B Temperature more
than 1200 °C

Transients with failure of SDS
1&2 and failure of passive poison
injection system (PPIS)

FDC3C Temperature more
than 1200 °C

LBLOCA with failure of ECCS
and recirculation and failure of
moderator cooling

FDC3D Temperature more
than 1200 °C

Small break loss of coolant
accident (SBLOCA) with liquid
poison injection system (LPIS)
not available and recirculation
and failure of moderator cooling

Severe accidents
within design basis

FDC2A Temperature
within
800–1200 °C

LBLOCA with failure of ECCS
and recirculation

FDC2B Temperature
within
800–1200 °C

Transients with failure of decay
heat removal system

FDC1A Temperature less
than 800 °C

SBLOCA with failure of ECCS
and recirculation
LBLOCA with failure of
recirculation

Single-channel
event

FDC2C Temperature more
than 1200 °C

Channel flow blockage with
failure of SDS 1&2,
Pressure tube-calandria tube
(PT-CT) rupture with failure of
SDS 1&2,
Stagnation channel break with
failure of SDS 1&2

Structural integrity
failure

FDC4 End shield cooling failure with
failure of SDS 1&2

Containment
bypass

FDC5A Containment
bypass with
mitigation system
not successful

Main steam line break (MSLB)
with main steam isolation valve
(MSIV) failure
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Table 2 Reliability analysis of containment ESFs

S. No. System Unavailability

1 Primary containment filtration and pump
back system (PCFPB)

1.86e-2

2 Secondary containment filtration
recirculation and purge system (SCFRP)

3.1e-3

3 Primary containment controlled discharge
(PCCD)

7.87e-3

4 Calandria vault cooling system 1.6e-3

Table 3 Minimal cutset of PCFPB

Number Order Cutset Unavailability

1 1 DA-FAIL-V1-1 2.00E-03

2 1 DA-FAIL-V2-1 2.00E-03

3 1 DA-FAIL-V1-2 2.00E-03

4 1 DA-FAIL-V2-2 2.00E-03

5 1 CCF-DAMPERS 2.00E-04

6 1 PCFB-CCF-FAN 3.30E-05

7 1 DEMISTER-1 2.50E-05

8 1 DEMISTER-2 2.50E-05

5 Reliability Analysis of Containment Engineered Safety
Features

Reliability analysis of engineered safety features of containment has been carried
out using fault tree approach for systems such as secondary containment filtration
recirculation and purge system (SCFRP), primary containment filtration and pump
back system (PCFPB) and primary containment controlled discharge (PCCD). The
summary of reliability analysis of containment systems is shown in Table 2. A typical
fault tree for PCFPB system is shown in Fig. 1, and associated minimal cutsets are
shown in Table 3.

6 Estimation of Large Early Release Frequency

Large early release frequency as defined in [3] is the frequency of those accidents
involving rapid and unmitigated release of airborne fission products from contain-
ment into the environment before the implementation of off-site emergency response
such that there is potential for early health effects. LERF is essentially the expected
number of large early releases per unit of time [3]. Several other definitions are
available in the international scenario for LERF depending upon the type of core,
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Fig. 1 Fault tree of PCFPB

containment and emergency response system. A few widely followed definitions are
as below:

• The sum of frequencies of all event sequences that can lead to a release to the
environment of more than 1014 Bq of caesium-137 is less than 1e-6 per reactor
year. A greater release may require long-term relocation of the local population
[4].

• LERF consists of the frequency of release classes associated with the early fail-
ure and bypass containment failure modes which have release fractions of the
volatile/semi-volatile fission products (e.g. iodine, caesium, tellurium) equal to or
greater than about 2.5–3% [5].

• A large release may be defined as a release corresponding in terms of activity to
5–10% of the core inventory of radioiodines. The activity associated with iodine
corresponding to 10% of the core inventory of a large power reactor is an assumed
threshold for prompt fatalities. This is especially the case when dealing with PDSs
that could potentially involve large and early releases of radionuclides to the envi-
ronment (for a large power reactor, releases of volatile species of iodine, and of
caesium in excess of 5% of the core inventory, are typically considered significant
for off-site consequences) [6].
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Table 4 Release categories based on inventory of activity release and time duration

Sl. No. Release category Description Quantity Time

1 LER Large early release More than 1014 Bq
of caesium-137 or
1015 Bq of
iodine-131

Within 10 h

2 LIR Large intermediate
release

Between 10–24 h

3 LLR Large late release Beyond 24 h

4 SER Small early release From 1012 Bq of
caesium-137 or
1013 Bq of
iodine-131 to 1014

Bq of caesium-137
or 1015 Bq of
iodine-131

Within 10 h

5 SIR Small intermediate
release

Between 10–24 h

6 SLR Small late release Beyond 24 h

7 VSER Very small early
release

Less than 1012 Bq
of caesium-137 or
1013 Bq of
iodine-131

Within 10 h

8 VSIR Very small
intermediate release

Between 10–24 h

9 VSLR Very small late
release

Beyond 24 h

In order for the quantification of LERF, the release categories were formulated
based on the amount of release of fission products (e.g. large, small and very small)
and time of release (e.g. early, intermediate and late) [1, 3, 4]. Table 4 summarizes
the release categories adopted in this study. The term Large in LERF defines an
amount of release more than 1014 Bq of caesium-137 or 1015 Bq of iodine-131,
Small defines an amount of release within 1012 Bq of caesium-137 or 1013 Bq of
iodine-131 to 1014 Bq of caesium-137 or 1015 Bq of iodine-131, and Very small
defines an amount of release less than 1012 Bq of caesium-137 or 1013 Bq of iodine-
131. The terms Early in LERF defines release within 10 h, Intermediate defines the
release between 10 and 24 h and Late defines the release beyond 24 h. The end states
of containment event trees were decided qualitatively based on the expert judgement,
and the release categories were assigned accordingly. For interfacing with Level 1
PSA, the plant damage categories were modified to include aspects such as time
and extent of core damage and amount of metal–water reaction to analyse the con-
tainment behaviour with respect to energy management, radiological management,
hydrogen management and corium management. Considering these aspects, various
plant damage categories were introduced such as large break loss of coolant accident
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Fig. 2 CET for LB LOCA with the failure of prompt shutdown

(LB LOCA) with failure of prompt shutdown, transients with failure of prompt shut-
down, LB LOCA with unavailability of all heat sinks, station blackout with loss of
heat sinks, single-channel events and containment bypass events. Containment event
trees were developed for these plant damage states. The containment event tree for
the LB LOCA with the failure of prompt shutdown is shown in Fig. 2.

The consequence of various accident sequences has been identified through ther-
mal hydraulic analysis and expert opinion. As a case study, containment event tree
is discussed for plant damage state resulting LB LOCA with failure of prompt shut-
down. For this scenario, containment isolation is demanded. Subsequently, contain-
ment engineered safety features such as PCFPB, SCFRP, hard vent and hydrogen
mitigation measures will be called for. Since PCFPB and hard vent are assumed
to come within 24 h, a very small intermediate release is assumed for success-
ful operation of all systems. If there is a hard vent failure, it can lead to contain-
ment over-pressurization resulting in leakage. PCFPB reduces FP concentration and
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also provides circulation leading to uniform mixing. Since hydrogen management is
available, no credit to hydrogen deflagration/detonation is given. Release of FPs to
environment is by way of leakage. In case of unavailability of passive autocatalytic
recombiner system (PARS), PCFPB and Hard vent, containment integrity may be
threatened. Therefore, large but late release is expected. Role of SCFRP is limited;
hence, the consequence is similar even if it fails.

Preliminary assessment of LERF, based on release categorization from qualitative
expert judgement, has been carried out, and the estimated LERF is found to be 1e-
13/year. The dominant contributors are: (a) LB LOCA with the failure of prompt
shutdown coupled with containment isolation failure, (b) containment bypass event
from main steam line break outside containment coupled with failure of main steam
isolation valves and (c) LB LOCA with complete failure of emergency core cooling
system (ECCS) and loss of moderator cooling.

7 Conclusions

Level 2 PSA is an integral part of safety analysis carried out for all types of NPPs
worldwide. The results of Level 2 PSAhelp plant operators and regulatory authorities
in decision making with regard to severe accident management. It also brings focus
towards establishing the guidelines for prevention of core damage and early and late
containment failure.
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Transient Following Partial Loss of Feed
Water for Thorium-based Natural
Circulation Reactor

A. D. Contractor, A. Srivastava, Rajesh Kumar and B. Chatterjee

Abstract A new reactor system under design study is a vertical pressure tube-type
boiling light water cooled and heavy water moderated. Main heat transport system
consists of reactor core, core inlet and outlet extensions, inlet feeders, tailpipes,
steam drums, downcomer, and inlet header. It incorporates several advanced passive
safety features, e.g., heat removal through natural circulation both during normal
operation and reactor shutdown without the use of any coolant pump. Safety remains
the paramount consideration in the design, while plant availability is the next. Several
reactor trip set points are provided in design to tackle the disturbances in operation,
and many safety systems are provided to mitigate different accidental conditions.
A major objective of the reactor design is to provide a capability to withstand a
wide range of postulated events (PIEs) without exceeding the acceptance limits,
thereby maintaining fuel integrity. Partial loss of feed water is one of such PIEs.
Following article highlights themodeling and overall transient behavior and its safety
implication.

Keywords Partial loss of feed · BFP trip · Natural circulation reactor · RELAP5
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MSIV Main steam isolating valve
PIEs Postulated initiating events

1 Introduction

India is developing a 300MW(e) pressure tube-type BWR as described by Sinha and
Kakodkar [1] which in its equilibrium condition will derive two-thirds of its energy
from thorium-based fuel with plutonium as an external fissile feed and achieve self-
sustaining characteristics in 233U. This reactor incorporates various passive design
features that would meet all objectives of a fourth-generation system. One of the
important passive design features of this reactor is that the heat removal is achieved
through natural circulation of primary coolant at all allowed power levels with no
primary coolant pumps. Apart from this passive design feature, various passive safety
systems include isolation condenser (IC) system for decay heat removal in case of
unavailability of main steam condenser, emergency core cooling (includes both high
pressure and low pressure ECC) system, passive containment cooling system, pas-
sive containment isolation, passive poison injection system, and passive automatic
depressurization system. An inherent safe design feature of this reactor is nega-
tive void reactivity coefficient that helps in lowering the power generation with the
increase in core void. A very high value of negative void reactivity feedback is not
desired since in the case of decrease in void, it may result in power surge. A major
objective of this reactor design has been to provide a capability to withstand a wide
range of postulated events (PIEs) without exceeding the acceptance limits, thereby
maintaining fuel integrity. One such PIE analyzed is partial loss of feed water.

Partial loss of feed may occur when one of the two working boiler feed pumps
(BFPs) trips. However, standby pump should come within 14 s following the BFP
trip and the reactor comes back to nominal condition. The course of the transient may
differ if the standby pump is not initiated. This leads to gradual loss of inventory and
reactor trip. The modeling and overall transient behavior and its safety implication
are as follows.

2 Reactor Description and Modeling

As illustrated in Fig. 1, the MHT system of the proposed reactor consists of reactor
core, tailpipes, steam drums, downcomer, inlet header, and inlet feeders. The reactor
core consists of 452 pressure tubes. In each pressure tube, a 54-element single fuel
bundle is being housed. A displacer rod is placed at the center of the bundle, and
the fuel elements are arranged in concentric circles. In the first circle, second circle,
and third circle, 12, 18, and 24 fuel elements are arranged, respectively. The coolant
leaves the pressure tubes with an average exit steam quality of 18.7% and reaches
four steam drums through 452 core top extensions and 452 tailpipes. The steam drum
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Fig. 1 Schematic of MHT system

provides a large interface area, which provides the natural separation without using
mechanical separators. At the central location (between two plates) of the steam
drum bottom, feed water enters which leads to a subcooled condition after mixing
with the saturated water. This subcooled water leaves the steam drums through 16
downcomers to a single ring inlet header. From the inlet header, the coolant enters
the 452 pressure tubes through 452 inlet feeders and 452 core bottom extensions.

RELAP5/MOD3.2 code, as described by Fletcher and Schultz [2], has been used
worldwide for analyzing thermal-hydraulic behavior of nuclear reactor systems. It
is based on two-fluid simulation using a non-equilibrium, non-homogeneous, six-
equation representation. Constitutive models represent interphase drag, the various
flow regimes in vertical and horizontal flow, wall friction, and interphase mass trans-
fer. The code has also the capability to simulate the presence of slabs of material
adjacent to the fluid. Thus, energy transfer to and from stationary slabs of mate-
rial can be simulated. Control systems and component models permit simulation of
equipment controller, balance of plant equipment (e.g., turbines, pumps, and con-
densers), and lumped-node representation of various processes. Further, code has
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Fig. 2 MHT system nodalization

point reactor kinetics model. This model is good enough for wide range of scenarios
where asymmetric situation does not happen.

The nodalization scheme of MHT system for natural circulation reactor is shown
in Fig. 2. The core channels have been modeled by eight equivalent paths, represent-
ing four average (100, 101, 102, and 103) and four hot channels (121, 122, 123, and
124). Volumes 4–8 of each component represent core channels. Volumes 1 and 2 of
these parallel paths represent vertical and horizontal portion of inlet feeders, while
core bottom extension is represented by volume 3 of these pipe components. Volume
9 of these components simulates core top extension, while volumes 10, 11, and 12
represent tailpipes. There are four steam drums. Each steam drum is connected to
113 channels. These channels connected to each drum have been modeled by one
hot channel and 112 average channels. Steam drum (3.75 m dia, 11 m long) has
been simulated by saturated (150, 405, 105, 505) and subcooled volumes (104, 406,
106, 506). Saturated volumes of steam drums (components 505, 105, 405, and 150)
are modeled separately using ten control volumes in each drum. The bottom part
of the drum (subcooled portion in between two baffles is represented by subcooled
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Fig. 3 Nodalization scheme for IC

volume components 406, 106, 506, and 104. The feed water along with recirculation
flow enters into the subcooled part of the drums. Flow from this portion of steam
drums enters the downcomers. Feed water conditions are simulated using compo-
nent 600. Suction header of feed pumps is modeled by component 653. Two feed
pumps are modeled by components 656 and 657. Component 660 models discharge
header. Individual feed lines are modeled by components 675, 676, 677, and 678.
Four downcomer lines from each steam drum are modeled by a single equivalent
downcomer. There are four equivalent downcomer lines (107, 108, 110, and 119).
Inlet header is modeled by component 109.

Steam lines from each steam drum have been modeled by volumes 351, 352, 354,
and 355.Bypass valve ismodeled by component 673.Bypass valve has been put in the
pressure equalizing line (component 359) joining each banks’ steam lines (353 and
356). CIES valves have been simulated by component 665 and 670. Governor valves
have been modeled by component 671 and 672. Appropriate pressure controller
scheme has been implemented on governor and bypass valve to maintain system
pressure. Relief valves and safety valves mounted on steam lines are modeled by
components 313, 314, 413, and 414. Reactivity feedbacks from different sources
like fuel Doppler, coolant temperature, and void have been modeled with the reactor
point kinetics of RELAP5. Three-element level controller scheme to maintain the
drum water level has been simulated.
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Nodalization scheme of IC system connected to two drums volume 150 and 505
is shown in Fig. 3. Each drum is connected to two ICs (301 and 302 with drum 150;
303 and 304 with drum 505), and outlet from IC is connected (613 and 626) to the
corresponding subcooled volume of steam drums. Each IC representing 70 tubes is
divided into three axial volumes. Sink of ICs is simulated by GDWP (709). Inlet
cylindrical header of each IC is simulated with one component (803, 804, 812, and
813). Outlet cylindrical header of each IC is simulated with one component (805,
806, 814, and 815).

3 Results and Discussion

Transient has been initiated by tripping off one of the two BFPs after achieving
steady state at full power condition. Immediately following one BFP trip, feed header
pressure drops but this does not generate any reactor trip signal as may be the case if
both the BFPs are tripped. Due to decrease in the feed header pressure, feed flow as
shown in Fig. 4 through other working BFP is increased after initial drop; however,
feed flow going to each steam drum is reduced by about 6.3 kg/s.

To analyze the reactor system behavior, it has been considered that the standby
pump fails to start and the situation is prevailed for the rest of the transient. Net
reduction in the feed flow causes heating up of the MHT system and thus negative
reactivity feedbackof void.Reactor power as shown inFig. 5 reduces slightly. Though
reactor power reduces, due to heating up of the system, steam flow rate does not
reduce.

Net result is reduction in the MHT inventory. Steam drum level reduces gradually
as shown in Fig. 6.Moment comeswhenMain Steam IsolationValve (MSIV) closure
is initiated on account of low steam drum level of 1.9 m. Subsequently, reactor also

Fig. 4 Feed water flow
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Fig. 5 Reactor power
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Fig. 6 Steam drum level
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trips on 15% closure of MSIV and power comes down to decay power level. Closure
of MSIV arrests the further loss of inventory.

FollowingMSIVclosure, steamdrumpressure as shown inFig. 7 keeps on increas-
ing and leads to opening of IC. Decay heat is then removed through IC, and system
pressure is stabilized around 76.5 bar. Throughout the transient, fuel clad temperature
as shown in Fig. 8 did not change and remained within safety limit.

In the course of the transient, other reactor trip signals observed are low steam
drum level and high system pressure.
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Fig. 7 Steam drum pressure
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Fig. 8 Fuel clad temperature
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4 Conclusions

One BFP trip transient without standby pump initiation has been analyzed. This
partial loss of feed flow causesMHT system heating up and gradual loss of inventory.
Later, this loss of inventory is arrested by closure of MSIV. Closure of MSIV not
only stops the loss of inventory but also trips the reactor and facilitates the decay heat
removal through isolation condenser path. All other thermal-hydraulic parameters
remain within safety limits.
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A Study on Premature Occurrence
of Critical Heat Flux

A. K. Vishnoi, A. Dasgupta, D. K. Chandraker, A. K. Nayak,
Nandan D. Hegde and A. Rama Rao

Abstract Two-phase natural circulation loops have extensive applications in nuclear
andprocess industries.Oneof themajor concernswith natural circulation is the occur-
rence of the various types of flow instabilities, which can cause premature boiling
crisis due to flow and power oscillations. In this work, a transient computer code
COPCOS (Code for Prediction of CHF under Oscillating flow and power condition)
has been developed to predict the premature occurrence of critical heat flux (CHF)
under oscillating flow conditions. The code incorporates conduction equation of the
fuel and coolant energy equation. For CHF prediction, CHF lookup table developed
by Groeneveld is used. Experimental investigation on CHF under oscillatory flow
was also carried out in a facility named CHF and Instability Loop (CHIL). CHIL
is a simple rectangular loop having a 10.5 mm ID and 1.1-m-long test section. The
flow through the test section is controlled by a canned motor pump using a variable-
frequency drive (VFD). The effect of frequency and amplitude of flow oscillation on
premature occurrence of CHF has been investigated experimentally in CHIL loop.
Further experimental data on degradation in CHF due to flow oscillations were com-
pared with COPCOS’s simulated results. Full paper covers description of the facility,
experimental procedure, experimental results and data analysis using COPCOS.
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1 Introduction

The natural circulation flow characteristics are different from that of a forced circu-
lation system. The flow in the former is dependent on the driving head caused by the
density difference between hot and cold legs of the system. Many times, the natural
circulation flow is not fully developed and secondary flowmay exist whichmay cause
flow oscillations. So, under oscillatory conditions of such a system, the mechanisms
of occurrence of the boiling crisis are more complicated and the flow oscillations
can cause an early occurrence of the dry out as compared to that of steady circu-
lation even for the same geometric and operating conditions. Experimental studies
carried out by Rao et al. [1] show the premature occurrence of CHF under oscillatory
flows. There was substantial degradation in the CHF value measured in the exper-
iment during oscillatory flow conditions compared to the steady-state CHF value
prediction by the lookup table. Kim et al. [2] conducted CHF experiments under
flow oscillations of water at low pressure and low flow conditions. Mishima et al.
[3] also conducted experiments in a natural circulation system under atmospheric
pressure and concluded that the system in which flow rate changes due to oscilla-
tions has suffered from significant decrease in CHF. Vishnoi et al. [4] investigated
premature occurrence of critical heat flux in 54-rod bundle under oscillatory flow and
power conditions and studied the effect of frequency and amplitude on premature
occurrence of CHF.

In the current study, a transient computer code COPCOS (Code for Prediction of
CHF under Oscillating flow and power condition) has been developed to predict the
premature occurrence of critical heat flux (CHF) under oscillating flow conditions,
and an analysis for CHF under oscillatory flow has been carried out for tubular
T/S having ID of 10.5 mm and heated length of 1.1 m using COPCOS. Further
CHF experiments under oscillatory flow conditions were conducted in a facility
named CHF and Instability Loop (CHIL). CHIL is a simple rectangular loop having
a 10.5 mm ID and 1.1-m-long test section.

2 Description of the Loop

CHF and Instability Loop (CHIL) is an experimental loop set up with the objectives
of studying natural circulation stability characteristics and critical heat flux (CHF)
under oscillatory flow conditions. The schematic of the loop is shown in Fig. 1. The
main loop consists of a vertical heater, steam drum, condenser and pump. The CHF
(steady and oscillatory flow) experiments were performed through an electrically
heated test section which has an inner diameter of 10.5 mm and a wall thickness of
1.1 mm.

A canned motor pump (3.7 kW) is used for forced circulation of the facility.
The power to the pump is fed through a variable-frequency drive (VFD). The input
frequency canbevaried using thisVFD to control impeller speed and thus theflowand



A Study on Premature Occurrence of Critical Heat Flux 519

Optional 
block for 
forced 
circulation

Te
st

 S
ec

tio
n

Steam 
Drum

Co
nd

en
se

r

Canned motor 
pump

Variable
Frequency

Drive
(VFD)

Fig. 1 Schematic of CHIL

developed head. The loop flow is modified by a combination of valve manipulation
and pump input frequency adjustment. The VFD is also used to provide programmed
oscillatory frequency to the pump, resulting in oscillatory flow variation in the loop.
Surface-mounted T/Cs methodology is adopted for critical heat flux detection. Ten
T/Cs have been used in the T/S for CHF detection.
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3 Mathematical Formulation

COPCOS (Code for Prediction of CHF under Oscillating flow and power condition)
has been developed to predict the premature occurrence of critical heat flux (CHF)
under oscillating flow conditions. The code incorporates conduction equation of the
fuel and coolant energy equation. For CHF prediction, CHF lookup table developed
by Groeneveld et al. [5] is used.

3.1 Radial Conduction Equation for Heater Tube

For radial heat transfer inside the heater pin, one-dimensional radial conduction
equation is solved by FDM.

∂2T

∂r2
+

∂T

r∂r
+

1

K
q � 1

α

∂T

∂t
for r �� 0 (1a)

Inside boundary conditions at wall–coolant interface and outside boundary con-
ditions at thermal insulation and outside air interface are given in Eqs. 1a and 1c.

Khe
∂T

∂r
+ hlT1 � hlTl for i � 0 (1b)

Kins
∂T

∂r
+ haTm � haTα for i � m (1c)

The simple explicit method is applied to discretise the one-dimensional diffu-
sion equation with source term in cylinder geometry. On discretisation of the above
equation, we get.
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for i � 1, 2, . . .m − 1 (2a)

F0 � α�t

�r2
(2b)

3.2 Solution of Energy Equation for the Interface

For heater and insulation interface, energy balance equation is solved as given below.
Figure 2 shows the interface having two different materials. Energy balance is given
below
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Fig. 2 Interface geometry
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Rearranging the above equation, we get

T n+1
i � aT n

i+1 + bT n
i−1 + cT n

i + d (4)

where
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2A
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(5)

For heater and insulation interface, properties are taken as given below

⎡
⎢⎣
k1 � k f and k2 � kins

ρ1c1 � ρ f c f and ρ2c2 � ρinscins

q1 � q and q2 � 0

⎤
⎥⎦ (6)

3.3 Solution of Conservation of Energy Equation of Coolant

Conservation of energy equation for the coolant flow can be written as in Eq. (8).
Figure 3 shows the energy balance for the coolant flow.
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Fig. 3 Coolant energy
balance
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Rearranging the above equation, we get
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where P � 2πR (8)

3.4 Enthalpy–Temperature Hybrid Method

In Eq. (8), there are two variables, temperature T and enthalpy H, to be determined.
These two variables are related by the thermodynamic enthalpy–temperature rela-
tions. The traditional approach chooses either enthalpy or temperature as an inde-
pendent variable and incorporates the constitutive equations to eliminate the other.
In order to do so, either enthalpy or temperature must be consistently and explicitly
expressed as a function of the other over all possible phases. With phase change
occurring at a single temperature, the value of enthalpy is undetermined at this point
and cannot be expressed as a function of temperature. Thus, enthalpy is not an appro-
priate choice for the independent variable. Furthermore, if the specific heat varies
with temperature such that the temperature cannot be expressed as an explicit func-
tion of enthalpy in the particular phase, then neither enthalpy nor temperature can be
chosen as an independent variable to effectively eliminate the other from the energy
equation. Therefore, the traditional approach of the enthalpy method fails in solving
this problem. To overcome the difficulty, encountered in the traditional approach,
enthalpy–temperature hybrid method is used. In this approach, both temperature
and enthalpy are treated as independent variables. Thermodynamic temperature–en-
thalpy equations are incorporated and solved simultaneously in conjunction with the
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energy conservation equation. For the liquid whose phase change occurs at Ts, the
enthalpy–temperature relation may be written as

H �
T∫

0

CpldT H < Hl �
Ts∫
0

CpldT (9a)

T � Ts Hl ≤ H ≤ Hl + Hfg (9b)

H � Hl + H f g +

T∫
Ts

CpgdT H > Hl + Hfg (9c)

3.5 CHF Prediction Methodology

In the current analysis, CHF is predicted by the recently published CHF lookup table
by Groeneveld et al. [5]. However, the tube CHF lookup provides correction factors
for different tube diameter. For this tube, correction factors have been used.

3.6 Solution Procedure

Both conduction equation of the fuel and coolant energy equations are solved together
iteratively, using the procedure mentioned below.

1. The minimum of time steps calculated from conduction equation of solid and
coolant energy equation is taken for calculation.

2. Discretised conduction equation is solved explicitly using the above time step to
obtain T n+1

0 .
3. Equations (9a)–(9c) are augmented with the coolant energy Eq. (8) at every

node point. At each iteration, the phase of every node point is checked and the
constitutive equations are selected accordingly. Using T n+1

m in discretised energy
balance equation of the coolant, i.e. Equation (9a), fluid temperature T n+1

1 at new
time level is obtained.

4. Again, conduction equation is solved using T n+1
1 fluid temperature and steps (2)

to (4) are repeated until steady state is achieved.

Different inputs for the code are given below.

1) Power;
2) Inlet flow;
3) Inlet subcooling;
4) Pressure;
5) Axial flux distribution.
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4 Results and Discussion

Critical heat flux experiments under oscillatory flow conditions were carried out in
CHF and Instability Loop (CHIL). Initially, steady-state conditions were achieved in
the loop at desired pressure, inlet subcooling and mean flow rate. Once steady-state
conditions were achieved, oscillatory sinusoidal flow variation was given to inlet
flow at desired frequency and amplitude and power was increased slowly in the steps
of 0.5 kW till CHF occurs. Occurrence of CHF is identified with sudden temperature
rise in the thermocouples provided at the top of the T/S. All T/Cs are provided with
power supply trip at 325 °C. Figure 4 shows typical transient of oscillatory flow
CHF experiments. This figure shows important parameters only for last 200 s so
that flow oscillations’ (frequency and amplitude) sudden rise in T/S temperature (to
identify CHF) can be visualised. However, each set of experiments took around 2–3 h
in which power was increased slowly (before raising the power, it was ensured that
system should achieve steady state) in the steps of 0.5 kW till CHF occurs. It can also
be observed that at the point of CHF there is a sudden rise in the surface temperature
while test section power was constant before CHF. Oscillatory CHF experiments at
various operating conditions (flow, pressure and inlet subcooling) were performed.
Table 1 shows experiments’ operating conditions and comparison of experimental
CHF data with calculated CHF using COPCOS with LUT-1995. Figure 5 shows
comparison of experimental and calculated CHF values. It can be observed that
experimental CHF value is within 60% than the calculated CHF value. Experimental
CHF value is coming lower than the calculated value; it shows degradation in CHF
due to oscillation is much more than predicted by COPCOS using LUT-95. Large
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Table 1 Experimental operating conditions and comparison with COPCOS

Experiment S. No. Pressure
(bar)

Inlet Temp.
(°C)

Mean mass
flux of
oscillation
(kg/m2 s)

Experimental
CHF
(kW/m2)

Theoretical
CHF by
COPCOS
using
LUT-95

1 46 182 320 599 730

2 37 180 350 578 909

3 34 178 351 565 923

4 18 154 323 367 593

5 14 151 317 299 827

6 30 201 377 451 1103

Fig. 5 Comparison of
experimental oscillatory
CHF with calculated CHF
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deviation between experimental and predicted values could be due to the use of
steady-state LUT-95 data in COPCOS code. CHF is a highly localised phenomenon,
so prediction of oscillatory CHF with steady-state CHF data gives large deviation.
However, Table 2 gives CHF values at oscillatory flow, mean flow of oscillation and
minimum flow of oscillation. In all cases, it can be seen that CHF at oscillatory flow
is lower than the CHF at minimum flow of oscillation. It indicates that COPCOS is
able to predict degradation of CHF due to flow oscillations.
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Table 2 Degradation in CHF due to flow oscillation

Experiment S. No. Mean mass
flux of
oscillation
(kg/m2 s)

Min. mass
flux of
oscillation
(kg/m2 s)

Calculated
CHF under
flow
oscillation
using
COPCOS
(kg/m2 s)

CHF at
minimum
flow of
oscillation
(by LUT-95)
(kW/m2)

CHF at mean
flow of
oscillation
(by LUT-95)
(kg/m2 s)

1 320 190 730 846 1329

2 350 221 909 969 1400

3 351 219 923 965 1395

4 323 151 593 707 1265

5 317 190 827 850 1214

6 377 299 1103 1142 1387

5 Conclusions

CHF experiments have been carried out under oscillatory flow conditions in CHF and
Instability Loop (CHIL) at various operating conditions. Following are the important
conclusions of the study:

1. Sinusoidal flow oscillation was achieved successfully using VFD in pump, and
oscillatory flow experiments were carried out at various pressure, flow and inlet
subcooling.

2. CHF was successfully detected with surface-mounted thermocouple technique.
3. Experimental CHF value under flow oscillation is within 60% than the calculated

CHF value using COPCOS. It shows degradation in oscillatory CHF is more than
predicted by COPCOS.

4. COPCOS is able to predict the degradation in CHF as CHF under flow oscillation
is coming less than CHF value at minimum value of flow oscillations.

References

1. G.S.S.P. Rao, D.K. Chandraker, P.K. Vijayan, D. Saha, An experimental investigation on critical
heat flux in a natural circulation system under low pressure and low flow conditions, in ISME-
2003, XIII National Conference of Indian Society of Mechanical Engineers, IIT Roorkee (2003)

2. Y.I. Kim, W.P. Baek, S.H. Chang, Critical heat flux under flow oscillation of water at low-
pressure, low-flow conditions. Nucl. Eng. Des. 193, 131–143 (1999)



A Study on Premature Occurrence of Critical Heat Flux 527

3. K.Mishima, H. Nishihara, I.Michiyoshi, Boiling burnout and flow instabilities for water flowing
in the round tube under atmospheric pressure. Int. J. HeatMass Transf. 28(6), 1115–1129 (1985)

4. A.K.Vishnoi, D.K.Chandraker, P. K.Vijayan,D. Saha, Investigation on premature occurrence of
critical heat flux in 54-rod bundle under oscillatory flow and power conditions, in 19th National
& 8th ISHMT-ASME, Heat and Mass Transfer Conference, Hyderabad, India (2008)

5. D.C. Groeneveld, L.K.H. Leung, P.L. Kirillov, V.P. Bobkov, I.P. Smogalev, V.N. Vinogradov,
X.C. Huang, E. Royer, The 1995 look-up table for critical heat flux in tubes. Nucl. Eng. Des.
163, 1–23 (1995)



Intercode Comparison of SBO Scenario
for AHWR

A. Srivastava, Rajesh Kumar, B. Chatterjee and P. K. Vijayan

Abstract The strong earthquake followed by tsunami, a low-frequency and high-
consequence natural disaster, at Fukushima, has shaken the world’s faith in nuclear
energy. The new reactor design around the world has started looking ways tomitigate
this scenario with innovative design features, whereas every nuclear country has
started reviewing their existing reactor response to this scenario minimizing the
consequences or limiting the damage progression. India has designed an advanced
reactor concept, i.e., advanced heavy-water reactor (AHWR). This reactor has many
passive design features to mitigate the consequences not only for the postulated
design basis events but also for beyond design basis events. During station blackout
(SBO) scenario leading to hot shutdown, the isolation condensers (ICs) are intended
to remove decay heat with the help of overhead large pool of water, i.e., gravity-
driven water pool (GDWP). This paper outlines the assessment of station blackout
scenario for AHWR using the last version of the French best estimate computer
code CATHARE2/V2.5_2 and its comparison with RELAP5/Mod3.2 findings. First,
it explains the modeling of main heat transport system of AHWR and isolation
condenser loop along with GDWP in CATHARE2 followed by thermal-hydraulic
safety assessment of station blackout scenario and comparison of predictions with
RELAP5 findings.

Keywords AHWR · SBO · RELAP5 · CATHARE · Boiling water reactor

1 Introduction

The proposed advanced heavy-water reactor is a 920 MWth thorium-based vertical
pressure tube-type boiling light-water-cooled and heavy-water-moderated reactor
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Fig. 1 Schematic of AHWR MHT

[1]. One of the important passive design features of this reactor is that the heat
removal is achieved through natural circulation of primary coolant at all allowed
power levels with no primary coolant pumps (Fig. 1).

Station blackout leads to feedwater pump trip and loss of condenser vacuumwhich
in turn results in turbine trip on low condenser vacuum signal. The bypass flow is
not available due to loss of condenser vacuum. This leads to bottle up of the system,
leading to pressure rise in main heat transport (MHT) system. Reactor trips on high
MHT pressure signal. As the pressure continues to rise, IC valve starts opening at a
pressure of 7.65MPa to limit the pressure rise. The relief valvemayopen in the case of
IC’s capacity which is not adequate. This analysis highlights the thermal-hydraulic
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conditions following station blackout for long duration and highlights the design
mitigating provisions to limit the pressure and clad temperature rise and intercode
comparison of CATHARE2 predictions with RELAP5 [2] findings.

2 Modeling of AHWR

2.1 Modeling of AHWR in CATHARE

The analysis has been done using French best estimate codeCATHARE.CATHARE-
2/V2.5_2 [3] is a thermal-hydraulic system code that solves the conservation laws
for water and steam for a wide variety of single- and two-phase flow conditions. The
AHWR model includes reactor core, 452 feeders and 452 tailpipes, 4 steam drums
(SDs), 16 downcomers, inlet header, and steam pipes up to turbine in CATHARE
code. The ECC system comprising of four segmental ECC headers is modeled with
axial volume. The accumulators aremodeledwithCATHARE-specific gadgetACCU
along with discharge line. The IC inlet pipe, IC inlet header, further 1440 tubes of H-
X, outlet header, and IC outlet pipe are modeled. At the steady-state condition, core
flow, drumpressure, core inlet temperature, steamdrum level, and total steamfloware
found to be 2143 kg/s, 6.999MPa, 259 °C, 2.2 m, and 414.8 kg/s, respectively. These
values of different important parameters are matching well with nominal design
values.

Isolation condenser (IC) loops have been modeled in CATHARE as shown in
Fig. 2. The IC inlet pipe is modeled with axial element ICINLPIP having five control
volumes. The IC inlet header is modeled with axial element ICINLHD. Further,
1440 tubes of H-X are modeled with ICHEX having seven control volumes. The five
control volumes are passing heat to GDWP. The outlet header and IC outlet pipe are
modeled with axial element ICOUTHD and ICOUTPIP, respectively. The exchanger
model is used to model the heat transfer to the GDWP. The HSPV valve is simulated
using CATHARE-specific control valve. This modeling of IC path is combined with
an already developed model of AHWR MHT and ECC system, and proper steady
state is obtained.

2.2 Modeling of AHWR in RELAP5

The nodalization scheme for the main heat transport (MHT) system for AHWR
in RELAP5 is shown in Fig. 3. Out of 452 channels in the core, 20 high-power
channels are clubbed as hot channel and remaining 432 channels are clubbed as
average channels. The average channel path is represented by component 100, and
hot channel path is represented by component 101. Volume 4 to volume 8 of each
component represents core channels. Volume 1 and volume 2 of these parallel paths
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Fig. 2 AHWR MHT and IC nodalization in CATHARE

represent vertical and horizontal portions of inlet feeders, while core bottom end is
represented by volume 3 of these pipe components. Volume 9 of these components
simulates core top end, while volumes, 10, 11, and 12 represent tailpipes. The effect
of nodalization was evaluated in a separate study, and it has been insured that the
present nodalization scheme yields accurate and converged results.

Four steam drums (SDs) are modeled by a single equivalent SD, i.e., component
102. The saturated volume of steam drum 102 ismodeled separately using ten control
volumes. The bottom part of the drum (subcooled portion) in between two baffles
is represented by subcooled volume component 103. The feed water along with
recirculation flow enters into the subcooled part of the drums. Flow from this portion
of steam drums enters the downcomers. Feed water conditions are simulated using
component 600. The suction header of feed pumps is modeled by component 653.
Two feed pumps are modeled by components 656 and 657. Component 660 models
discharge header. Individual feed lines are modeled by component 675.

Four downcomers lines, from each steam drum, are modeled by a single equiva-
lent downcomer, i.e., 104. Inlet header is modeled by component 105. Steam lines
emerging from the steam drums are represented by volumes 351. Two steam lines
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Fig. 3 AHWR MHT and IC nodalization in RELAP5

from each bank are joined together by volumes 353. Bypass valve is modeled by
component 673. Combined isolation emergency stop (CIES) valves have been sim-
ulated by component 665. Governor valves have been modeled by component 671.
Safety relief valves SRV 1 and SRV 3, and SRV 2 and SRV 4 mounted on steam
lines are modeled by components 313 and 413, respectively. Appropriate core power
modeling has been done considering power distributions (radial and axial), and point
kinetics model has been used to simulate the reactor power. The thermal-hydraulic
feedbacks are also modeled. Decay heat has been modeled using ANS 79 [2].

Each drum is connected to two isolation condensers (ICs), modeled by component
301 and 302, and outlet from IC is connected to subcooled volume 103 of steamdrum.
Each IC representing 70 tubes is divided into three axial volumes. Inlet cylindrical
headers of each IC path are simulated with a single component (803, 804). Outlet
cylindrical headers of each IC path are simulatedwith a single component (805, 806).
The pipes in IC circuit are simulated by component 801, 802, 807, 808 as shown in
Fig. 3.
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Table 1 Steady-state comparison

Parameter Design CATHARE RELAP5

Reactor power (MWth) 920.00 920.0 920.0

Total core flow (kg/s) 2145.00 2145.2 2145.2

Steam drum pressure (MPa) 7.00 6.9999 6.9999

Collapsed level in SD (m) 2.20 2.2027 2.1988

Hot core void 86.5 86.4

Average channel flow 4.7 4.74 4.745

Hot channel flow 4.9 4.89 4.9

Feed flow per SD (kg/s) 103.0 103.54 103.27

Total steam flow (kg/s) 412.0 414.16 413.08

Coolant inlet temperature (°C) 130.0 130.0 130.0

Feed water temperature (°C) 259.5 259.455 259.25

Fig. 4 SD pressure transient
during SBO
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The steady-state condition results of RELAP5 and CATHARE are compared with
design nominal conditions. The comparison is given in Table 1.

3 Results and Discussions

The station blackout event begins at time t �0 s. System pressure rises due to the
bottling of MHT as shown in Fig. 4. The reactor trip is credited on high system
pressure signal once system pressure reaches 7.6 MPa.

Further passive valve in the IC line opens at MHT pressure of 7.65 MPa. The heat
removal from the ICs is initially small compare to reactor power. This results in initial
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Fig. 5 Core flow transient
during SBO
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pressure rise as shown in Fig. 4. Once the reactor power comes to decay heat level
and comparable to IC heat removal, the system pressure rise is arrested. The system
pressure remains around 7.65MPa due to the controlled opening of the IC valve based
on system pressure. The initial pressure rise trend following initiation of the transient
is well captured by both codes, and peak pressure value is comparable. Overall, the
pressure response predicted by both the codes is having a good comparison.

The heat removed from the isolation condensers is transferred to GDWP large
pool water having inventory of 6000 tonnes. Heat is removed passively by GDWP
initially by sensible heating and later by boil off once the temperature reaches to
saturation temperature. The water inventory in GDWP is sufficient to effectively
remove the decay heat for more than grace period of 7 days. Figure 5 shows the core
flowbehavior during station blackout scenario. As the reactor trips on the high system
pressure signal, the core flow reduces as shown in Fig. 5. The natural circulation flow
depends on the heat coming from the core.As the core power keeps ondecreasingover
the time due to reduction in decay heat, the core flow also keeps on reducing over the
transient as shown in Fig. 5. The core flow predictions by RELAP5 and CATHARE
analyses match very well in the initial part of transient; however, CATHARE code
predicts slightly higher flow than RELAP5 in the later part of transient. The clad
temperature initially rises marginally corresponding to saturation temperature. In
later part of transient, as heat removal is same as decay heat coming to the system,
the clad temperature remains stable as shown in Fig. 6. The effect of slight difference
in core flow does not reflect in clad temperature prediction as shown in Fig. 6.
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Fig. 6 Clad temperature
transient during SBO

0 10000 20000 30000 40000 50000
150

200

250

300

350

400

450

500

550
Station Blackout (SBO)

C
la

d 
Te

m
pe

ra
tr

e 
(d

eg
. C

)

Time (s)

 RELAP5
 CATHARE

4 Conclusions

The prolonged SBO has been analyzed for AHWR using best estimate code
CATHARE, and results are compared with already available results of RELAP5
code. The ICs are able to remove decay heat with the help of GDWP and main-
tain core temperatures well within the limit. Decay heat is removed passively by
GDWP initially by sensible heating and later by boil off as seen in long-term calcu-
lation done with RELAP5. It has been found in analysis that IC system is capable to
remove decay heat for more than 7 days. The decay heat removal through IC path
along with passive moderator and end shield cooling keeps the integrity of different
systems and maintains the core temperature well below the acceptance limit. Both
the codes predict similar pressure response following SBO. The core flow prediction
shows good match in the initial part of the transient; however, the core flow predicted
by CATHARE code is little higher than the RELAP5 which results in later part of
transient. The difference in core flow does not result in difference in clad tempera-
ture. Overall predictions made by CATHARE are in good agreement with RELAP5
results.
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Design and Development
of Process-Powered Sensors on Wireless
Sensor Network for Stand-alone Plant
Critical Data Management During SBO
and Beyond Design Basis Events

J. Aparna, Sebin Philip, Anita Topkar, I. V. Dulera, D. Das and A. Rama Rao

Abstract Considering the need to access crucial parameters in a nuclear reactor
during station blackout condition (SBO), we have proposed self-powered or process-
powered sensorswithwireless data transmission. Low-power electronics comprising
a piezoresistive pressure sensor, amplifier, andwireless transmitter was developed for
demonstration of process-powered sensor operation. The required electrical power
was derived using a thermoelectric generator as an energy harvester which converts
heat energy from the process to electrical energy and drives the complete electronics
along with the wireless transmitter. A power management circuitry has been used for
management of power fed to the electronics. The complete instrumentation has been
tested in the laboratory to demonstrate the operation of process-powered sensor and
wireless instrumentation. Such approach would be suitable for wireless network of
self-powered/process-powered sensors and also for wearable devices by operators.
An overview of this development is presented in this paper.

Keywords Microelectromechanical system sensors · MEMS · SBO · BDBE
Self-powered sensors · Wireless networks · Process powered/self powered
Wearable devices

1 Introduction

Advanced reactors are designed with an aim of maximum safety, optimized fuel
utilization, and effective system design. Safety aspects in reactor designs are being
viewed for all possible vulnerabilities, and as a result, robust self-regulating passive
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safety features have been favored inGen IV and advanced reactor designs. In addition
to passive systems, the accident scenarios at Fukushima indicate the dire need of
reliable and stand-alone self-powered/process-powered sensors, for monitoring plant
critical parameters for effective damage control actions. There is a strong need for
plant critical data management and situation awareness during the unavailability of
all conventional power sources in a nuclear power plant, during extended station
blackout (SBO) conditions [1]. These self-powered/process-powered sensors would
assist the operators in managing events like SBO and help in containing any beyond
design basis events (BDBEs) conditions, well away from the public domain.

In addition to the commonmode failure of power source in Fukushima, during the
post-accident analysis, it had been observed that, though the sensors were functional,
the fire- and flooding related events had damaged the communication from sensors
to the control room, i.e., the cables and terminations severely. Operators had used
process calibrators for manually energizing the instruments to measure the process
parameters. The series of events had also left many of the crucial reactor param-
eters, inaccessible for manual measurement. Hence, in addition to being passive,
self-powered/process-powered sensors need a diverse communication channel, i.e.,
a rugged, stand-alone, independent channel of communication with a small footprint
such as a proprietary wireless sensor network [2]. The difficulty in accessing instru-
ment rooms during an SBO and accident also necessitates the design of low-power
wearable devices for ease of measurement and plugs into the sensor networks wire-
lessly. Self-powered or process-powered sensors derive their energy passively from
the process itself and do not depend on any external power supply systems. These
sensors in effect derive their energy from the environment, inwhich they are deployed
to measure. The energy harvested by the sensors is stored for their measurement and
transmission functionality. In the case of nuclear reactor applications, these sensors
need to perform under radiation environment, as applicable to the domain. The self-
powered/process-powered sensors would be configured into a self-organizing fault-
tolerant wireless sensor network for effective communication to a handheld mobile
device for data monitoring and operator guidance in case of an extended SBO acci-
dents. MEMS technology-based sensors which are compact, low powers, and give
direct electronics readout would be most suitable for building such wireless sensor
network or wearable devices. The review of measurement scenario during SBO and
severe accidental conditions, requirements of self-powered/process-powered sen-
sors, and their critical parameters are discussed in the subsequent sections. Finally,
test results demonstrating the operation of a process-powered MEMS piezoresistive
pressure sensor for wireless transmission of pressure data are presented.
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2 Measurement Scenario During SBO and Severe
Accidents

In case of a station blackout, the critical instrumentation is supported for 30 min
by battery backup and few hours by DG sets. The current advanced reactor systems
rely on passive natural circulation systems for decay heat removal, in case of a
prolonged SBO like that of Fukushima and Three Mile Island accidents. However,
the systems being passively safe, for ensuring safety and situation awareness of
the nuclear core and sub-systems, need suitable instrumentation. Operators need
to assess the status of the reactor continuously, for maintaining safe shutdown and
to avert further progress by weighed operating decisions. Post Fukushima, reactor
operators have relied on solar backed up power, enhanced battery backup, portable
instruments, chargeable batteries, etc., for enhancing the operator’s efficiency in case
of an eventuality. However, in many situations in the past, all these external sources
have been muted by a credible combination of events.

A nuclear reactor is the only credible man-made resource, which can give energy
for years, even when it is under shutdown, by means of decay heat. Hence, power for
the instruments that are crucial for reactor safety could be derived from the process
itself, i.e., process heat, in process-poweredmode. These instruments are indicated as
self-powered/process-powered sensors, and the design of such sensors would focus
on their availability during normal operation, extended SBOs, and severe accidents.

3 Requirement Evolution
for Self-powered/Process-Powered Sensors for Nuclear
Installations

Based on the post-accident assessment of the instrumentation in Three Mile Island
and Fukushima,many of the sensors havemaintained their integrity and functionality
for their intended design and have given reasonable performance even under severe
environmental conditions. In the case of Fukushima, even though the sensors were
functional, the hydrogen fire and water inundation had left most of the cables non-
functional. Operation personnel had been put in action to reach the actual instruments
through debris, radiation exposure without electricity, and poor visibility. These
activities by the personnel had resulted in heavy radiation exposure and delay in
getting crucial information and loss of clues in situation awareness for the field
personnel.

Hence, in addition to supporting the sensors with power, a diverse communication
mechanism independent of the conventional cable route is essential considering the
indomitable constraints posed during the Fukushima post-accident scenario. Self-
powered /process-powered sensors in wireless sensor networks would aid operators
in addressing the challenges posed during the post-accident handling of nuclear
accidents.
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In addition to wireless sensors, the stressed reactor needs operator scrutiny for
many functional decisions, recovery of systems, pre-requisites such as water ham-
mer, LOCA situations, breach in containments. In case of a mild/severe damage
situations, the operators need navigational aid and easy access to data of the system
and related parameters they are scrutinizing, a wholesome interface to the process,
in situ for effective decision making. Hence, self-powered /process-powered wear-
able devices and battery-backed mobile devices could be evolved, with the capability
to communicate to local instruments in WSN as well as to a centralized data device
empowered with navigational aids and visual devices to transmit information back
and forth to an authenticated station.

The challenges in the design and development of these sensors are compactness,
compatibility for installation with least interference to the existing framework of sen-
sors, low-power consumption, wireless communication among massive plant metal
works and concrete structures in the reactor building, digital security, data integrity,
and qualification for radiation.

4 Critical Parameters for Self-powered /Process-Powered
Sensors

The design of the sensors needs to be guided by the choice of parameters which are
crucial for reactor safety and auxiliary systems ensuring the containment integrity
and effective emergency response. Some of the important parameters are the reactor
coolant pressure, reactor coolant temperature, SG water level, main steam pressure,
containment pressure, and spent fuel pool water level. The general guidelines in
handling the accidents are to rely on installed plant systems [2] as the first phase of
coping capabilities. In the second phase, the coping capabilities are extended to on-
site portable systems and off-site capacity addition is considered as the final phase.
Self-powered /process-powered sensors would be designed to fit in the installed
coping capability available as standby for the operators during normal operation
and emergency support in first-phase coping procedures to handle SBO and beyond
design basis events. The design would also need to accommodate the dynamic in situ
developments in personnel accessibility andweighedwireless communication routes.

5 Current Status of Wireless Sensor Networks
and Applications

Wireless sensor networks have been widely employed in environmental monitor-
ing, animal monitoring, and surveillance applications. The sensors are either with
battery backup or use solar and allied energy harvesters which derive their energy
from the environment. The concept of energy harvesters deriving energy from the
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environment to source the sensors in nuclear reactors combined with wireless sensor
networks for deployment in nuclear reactors has been reported in the literature [3]. In
nuclear reactor applications, deployment ofwireless sensors has been suggested as an
economical alternative to cable installations for varied applications such as real-time
process variables, structural components, movable equipment, portable devices, and
warehouse/inventory areas. Wireless sensors and their deployment challenges inside
the containment have also been reported in the literature. The actual deployment of
such sensors in the reactors would have to address various deployment challenges
and regulatory clearances, and they do seem feasible with the current maturity level
in sensor technology [4].

6 Compact, Low-Power Devices in Wireless Sensor
Networks Using Wearable Devices and Mobile
Technology

Thewireless devices in addition to consuming low power need to be compact for easy
installation and portability. In the present commercial mobile technology, wearable
devices such as wristbands for physical fitness to health monitoring devices built
with mobile phone compatibility and smart watches for professional tools have been
developed. The lifestyle devices and the technology are in mature stage, and the
same are proposed to be adapted in these sensors with proprietary security and
data management. As an additional inherent security measure, hardware signatures
and limiting the communication distance in design have been conceptualized as
built-in features in the sensors. The commercial and open-source software provides
multiple options for developing devices which can be deployment ready without
much technological hassles and proprietary constraints in case of an emergency.
A middle path needs to be worked out for deploying custom-designed platforms
and commercial-scale devices for secure and safe applications. Figure 1 illustrates a
self-powered /process-powered process sensor, powered to measure and wirelessly
transmit the data from the process, using thermoelectric modules. The thermoelectric
modules harvest energy from the temperature differential between the process piping
and the ambient, to power the sensor.

7 Design and Development of Process-Powered Sensors

Figure 2 illustrates the design schematic of self-powered /process-powered sensors
on a wireless sensor network for applications in nuclear reactors. These sensors
would act as an operator empowering tool, for situation awareness, irrespective of
the operating domain of the nuclear reactors. The self-powered /process-powered
sensors are provided with a chargeable Li coin cell for efficient power management
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Fig. 1 Schematic of an add-on thermoelectric module to process-powered sensors
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Fig. 2 Schematic of process-powered sensors on a wireless sensor network

and to support a local display device. The security issues inherent to the wireless
communicationwould be addressed bydevice signature encryption for authentication
and by limiting the transmission energy, thereby the communicable distance.

7.1 Design of Process-Powered Sensors

We have demonstrated the feasibility of using process-powered sensors for measure-
ment of pressure as a parameter and wireless transmission of the data. The schematic
diagram of the sensor instrumentation is presented in Fig. 3.

A low-power MEMS piezoresistive pressure sensor is used for measurement of
pressure in the system. The sensor incorporates piezoresistors located over a thin
silicon diaphragm in a Wheatstone bridge configuration which provides output volt-
age when the bridge is unbalanced. The resistance of piezoresistor changes due to
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generation of stresses in the silicon diaphragm when pressure is applied. The pres-
sure sensor was rated for 10 bar full scale, and output-voltage sensitivity of the
sensor was~20 mV/bar. During measurements, the sensor was operated up to 10 bar
pressure. The output voltage was amplified using an amplifier of gain of~13. The
amplifier output voltage was digitized and transmitted wirelessly at a frequency of
2.4 GHz. The receiver data were received at a computer and displayed in graphical
and numerical form. For process-powered operation, the power to the instrumenta-
tion including sensor was provided through a TEG mounted on an electric heater.
Considering the power consumption of the complete electronics, the heart tempera-
ture was optimized to 130 °C for transmission at a rate of one sample/second. The
complete process-powered sensor and related instrumentation were tested in the lab-
oratory by providing pressure input to the sensor using a hand pump. The results of
the tests conducted are presented in the subsequent section of this paper.

7.2 Test Results of Process-Powered Pressure Sensor

Initially, the measurement was done by simulating a Wheatstone bridge circuit of
the piezoresistiveMEMS pressure sensor. Calibration values of pressure sensor were
used for setting the input voltage. The bridgewas unbalanced using a variable resistor
in the bridge circuit. The output voltage of the amplifier was transmitted wirelessly
at 2.4 GHZ, and received values by the receiver were recorded in a computer. The
power was provided using TEG at 130 °C. In Fig. 4, the output voltage received at
the receiver is plotted against output voltage of the amplifier as transmitted by the
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Fig. 4 Plot of data received
at the receiver and data
transmitted by the transmitter y = 1.004x + 2.155
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transmitter. As can be seen, the received and transmitted values are in very good
agreement with R2 �1.

After verifying the operation of electronics and wireless transmission of the data,
the measurements were carried out using a pressure sensor. During these measure-
ments, the pressure of different magnitudes was applied using a hand pump. The
plot of the actual pressure and pressure as recorded by the receiver is given in Fig. 5.
As can be seen, the pressure recorded by the receiver is in good agreement with the
input pressure applied to the pressure sensor using the hand pump.

Results presented inFigs. 4 and 5 show that the sensors and related instrumentation
can be built for low-power wireless operation using an energy harvester such as TEG.
In the tests presented in this paper, the heat was used as a form of energy for energy
harvesting. However, a similar configuration can be built using piezoelectric energy
harvesters optimized for the vibration spectrum of the environment.
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8 Wireless Sensor Network

Self-powered /process-powered sensors derive their energy passively from the pro-
cess itself and do not depend on any external power supply systems. These sensors
in effect derive their energy from the environment, in which they are deployed to
measure. The self-powered sensors would be configured into a self-organizing fault-
tolerant sensor network for effectively communicating to a handheld mobile device
for data monitoring and operator guidance. The self-powered /process-powered sen-
sors on awireless sensor network can act as an operator empowering tool, for situation
awareness, irrespective of the operating domain. The self-powered /process-powered
sensors are provided with a chargeable Li coin cell for efficient power management
and to support a local display device. The security issues inherent to the wireless
communication would be addressed by device signature encryption for authentica-
tion and by limiting the transmission energy, thereby the communicable distance.

9 Design Challenges and Approaches

Self-powered /process-powered sensors for nuclear environment would be able to
address the measurement requirements during an extended SBO and should aid the
operator remotely in providing the process information. Since the sensors would be
configured in sensor networks [3], dynamic path for transmitting the signals exists and
decision on the optimum weighed path is chosen by the local embedded intelligence
based on local conditions. This configuration gives multiple paths and enhances the
availability of information and adaptability.

Some of the formidable challenges in sensitive installations are the security vul-
nerabilities in wireless communication which needs to be addressed innovatively
in an extensive manner integrating the hardware signatures and unique encryption
methodologies. The design of communication devices with limited range and intel-
ligence on the deployed environment would also need to be explored for ensuring
security in communication.

Low-power embedded processors and wireless communication devices [4] are
available in the commercial domain and are not qualified for radiation environment.
MEMS sensors, which are well established for their meager power consumption, are
suitable for low-power applications. However, the existing CMOS technologies and
silicondevices have limiteddeployment potential in nuclear environment. Polysilicon
MEMS devices and appropriately engineered shielding would render the available
devices compact and compatible for nuclear applications.
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10 Conclusions

We have designed a process-powered pressure sensor instrumentation and demon-
strated its operation by conducting various tests. The new age instrumentation for
advanced reactors needs to ensure its credible performance and availability in SBO
and BDBE situations, in addition to their conventional capabilities, for safe maneu-
vering of the reactor in all its active domains. The other challenges posed by nuclear
reactors are high-temperature performance, radiation tolerance, adherence to the
ALARA principles, and economy. Self-powered /process-powered sensor designs
would also need to address many new avenues of functionality and would also
be throwing new challenges in the design of self-/process-harvesting in situ power
sources, encryption, and security issues in wireless communication and simple wear-
able operator interface designs. The sensor packaging design suitable to withstand
impacts, flooding, fire, and other hazards using advanced materials and lightweight
designs also assumes importance in self-powered /process-powered sensors.
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