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FOREWORD
A number of IAEA Member States have extensive thorium resources, in
some cases bigger than uranium resources and they are interested in the
development of thorium nuclear fuels for the reason of self-sufficiency.

The world situation with uranium production could be also one of the
factors endorsing R and D on further investigation of thorium fuels.

Until the present time considerable efforts have already been made
in the area of fabrication, utilization and reprocessing of Th-based
fuels for different types of reactors, namely: by FRG and USA - for HTRs;

FRG and Brazil, Italy - for LWRs;

India - for HWRs and FBRs.

Basic

research of thorium fuels and thorium fuel cycles are also being

undertaken by Australia, Canada, China, France, FRG, Romania, USSR and
other countries.

Main emphasis has been given to the utilization of

thorium fuels in once-through nuclear fuel cycles, but in some projects
closed thorium-uranium or thorium-plutonium fuel cycles are also

considered.
Thorium fuel utilization, technical status and development needs
were considered in detail by the INFCE Working Group 8 (1977-1980).

Some

aspects of the thorium fuel cycle were considered at the IAEA Nuclear

Power Conferences in Salzburg (1977) and Vienna (1982), as well as, the
TCM on Improved Utilization of Water Reactor Fuel with Special Emphasis

on Extended Burnups and Plutonium Recycling (Mol, Belgium, 7-11 May
1984), TCM on Advanced Light and Heavy Water Reactor Technology (Vienna,
Austria, 26-29 November 1984) and others.

In-depth consideration of the

technology of some thorium fuels was given at the IAEA Advisory Group on

Advanced Fuel Technology and Performance (Wurenlingen, Switzerland, 4-7
December 1984).
The purpose of the Technical Committee on the Utilization of
Thorium-Based Nuclear Fuel: Current Status and Perspective was to review
the world thorium resources, incentives for further exploration, obtained
experience in the utilization of Th-based fuels in different types of
reactors, basic research, fabrication and reprocessing of Th-based
fuels. As a result of the panel discussion the recommendations on future

Agency activities and list of major worldwide activities in the area of
Th-based fuel were developed.
The Agency wishes to thank all those who participated in the panel
discussion.

Special thanks are due to the Sessions' Chairmen,

Messrs. M. Peehs, I. Slcsarev, C. Ganguly and the IAEA staff members,

Messrs. F. O'Hara and M. Ugajin.
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AN OVERVIEW OF WORLD THORIUM RESOURCES,
INCENTIVES FOR FURTHER EXPLORATION AND
FORECAST FOR THORIUM REQUIREMENTS
IN THE NEAR FUTURE
K.M.V. JAYARAM
Atomic Minerals Division,
Department of Atomic Energy,
Hyderabad, India
Abstract

Thorium occurs in asociation with uranium and rare earth
elements in diverse rock types. It occurs as veins of thorite, uranothonte and monazite in granites, syenites and pegmatites. Monazite
also occurs in quartz-pebble conglomerates, sandstones and fluviatile and beach placers. Thorium occurs along with REE in bastnaesite, in the carbonatites.

Present knowledge of the thorium resources in the world
is poor because of inadequate exploration efforts arising out of
insignificant demand. But, with the increased interest shown by
several countries in the development of Fast Breeder Reactors
using thorium, it is expected that the demand will increase considerably by the turn of the century.
The total known world reserves of Th in RAR category
are estimated at about 1.16 million tonnes. About 31% of this
(0.36 mt) is known to be available in the beach and inland placers
of India. The possibility of finding p r i m a r y occurrences in the
alkaline and other acidic rocks is good, in India. The other countries
having sizeable reserves are Brazil, Canada, China, Norway,
U.S.S.R., U.S.A., Burma, Indonesia, Malaysia, Thailand, Turkey
and Sri Lanka.

Considering that the demand for thorium is likely to increase by the turn of this century, it is necessary that data collected
so f a r , globally, is pooled and analysed to identify areas that
hold good promise.

Introduction:
Thorium in association with uranium and Rare Earth Elements (REE) occurs in diverse rock types; as veins of thorite,
thonanite, uranothonte and as monazite in granites, syenites,
pegmatites and other acidic intrusions. It also occurs as an associated element with REE bearing bastnaesite in carbonatites.
Monazite also occurs in quartz-pebble conglomerates, sandstones
and in fluviatile and beach placers.

Prior to the second world war thorium was used widely
in the manufacture of gas mantles, welding rods, refractories
and in magnesium based alloys. Its use as fuel in nuclear energy,
in spite of its limited demand as of now and low forecast, is
gaining importance because of its transmutation to 233 u. Several
countries like India, Russia, France and U.K. have shown considerable interest in the development of fast breeder reactors (FBR)
and it is expected that by the turn of this century some of the
countries would have started commissioning large capacity units.

2. World deposits;
Present knowledge of the Thorium resources is poor because
of the relatively low-key exploration efforts arising out of insignificant demand. For the same reason the possibility of discovering
new finds in addition to increasing the known resources contained
in the deposits already known is good.
The largest known reserves of thorium are contained in
the beach and inland placer deposits of monazite, which is exploited
so far for its REE content (55-60% REO).
Monazite placers are reported from Australia, Egypt, India,

Liberia, Brazil, Malgachi and the United States of America (Florida). In Brazil, monazite occurs associated with ilmenite and
zircon along the eastern and southeastern Atlantic coast [1], It
also occurs at Araxa in association with carbonatites. In Burma,
placer deposits derived from the weathering of biotite granites
occur in the southern Shan states. Considerable quantities of
cassiterite and wolframite occurring in these placers are derived
by the weathering of quartz veins and pegmatite dykes injected
into the granites.
Malaysian deposits occur on the coast of Kedan and Perlis
at Pulan Lankawi and Seremban. Monazite associated with columbite and xenotime occurs in Ulusempam area near Pahang. Cassiterite placers at Trengganu contain as much as 58% monazite.
The occurrences of monazite in Thailand and Indonesia are similar
to the occurrences in Burma [2; 3].
In Sri Lanka rich deposits derived by the weathering of
schists, granulites and gneisses occur along the N and N W coast.
Alluvial deposits also occur in the lower valley of Kaleganga in
Ratnapura district. The largest placer deposit (12,000 t) near
Pulmoddai extending over a distance of 3 km. and a width of
50 m. contains 3 million t of sand at 0.4% monazite, 18% rutile
and 62% ilmenite [3].

In Bangladesh monazite is also reported to occur in the
beach placers (derived from granites) near Chittagong. Similar
deposits are also reported to occur in Southern China, between
Chianhua Hsien in South Western Hunan province to Kung Chen
Hsien in northeastern Kwangsi province. Extensive deposits are
also reported from Kwangtung province.
In Canada, large Thorium reserves associated with Uranium
(with Th:U ranging from 3.5 to 1 to 0.5:1) occur in Elliot Lake
area and other Huronian complexes. Thorium is also reported

from the granitic and syenitic rocks in the Bancroft area of Ontario.
Many occurrences of this type are
reported
from
the
Grenville geological province, the Charlebois Lake and the La
Ronge areas in Saskatchewan. It also occurs at Oka in association
with uranium and niobium in the carbonatites in Qubec [^]. In
Turkey, the Eskisehir-Sivrihisar area is estimated to contain 880
thousand t of Thorium.
In USA about 80% of the known Th reserves occur in vein
type thorite deposits in the Lemhi Pass area of Idaho and Montana
and in the Western mountains of Central Colarado. Large reserves
of Th are also known to occur associated with bastnaesite in the
massive carbonatite deposits of California [4]. The Florida beach
placers wherefrom monazite could be recovered along with iimenite
are estimated to contain 0.3% to 1% monazite [4].

The details of world reserves and production are given
in Table I and Figure 1.

TABLE I

WORLD THORIUM RESERVES AND PRODUCTION
(Based on USBM Mineral Industry Survey, May 16, 1985)

In thousands of tonnes
Name of the country

Reserve Base
RAR

1.

United States of America

200

2.

Australia

3.

Brazil

70

4.

Canada

240

5.

India

360

520*

40

Production

17.03
8.0
1.1

6.

Malaysia

7.

Norway

150

8.

OMEC

55

0.2

9.

OPEC

35

1.5

10.

China

@380*

6

U.S.S.R.

@120

n. a.

Total

1,160

11.

* Bastnaesite
n.a.

- not available

@ excluded.
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0.2
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3. Thorium occurrences in India:
Although many occurrences of uranothorite, thorite, thorianite and monazite are reported from
in several intrusive pegmatites and younger granites of all ages, monazite occurring in the
beach and inland placers remains the main thorium and REE
bearing mineral source assessed by AMD (Fig. 2).
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The occurrence of monazite in the placers (assessed so
far at 4.5 x 10*
t) may be divided into 4 types: (i) the Beach
and Dune sands on the West and East coasts (42%); (ii) the Teris
(16%); (iii) the sea bed (10.0%) and (iv) inland placers (32%).

3.1 Beach sands:
Although monazite occurs associated with ilmenite and
other hm in the beach sands, skirting the entire Peninsular India,
its economic concentration is confined to only some areas where
suitable plhysiographic conditions exist. The west coast placers
are essentially beach or barrier deposits with development of
dunes where aeolin action is prominent in dry months. On the
other hand, the east coast deposits consist of extensive dunes
fringing the coast.

3.1.1. West coast
Of the several west coast deposits assessed so far the
deposits at Chavara and Manvalkurchi in Kerala and Tamil Nadu
respectively, are rich in hm content [5]. The other deposits occurring north of Chavara, stretching over a distance of 50 km. upto
Ratnagiri are leaner with a hm content of -^^. 20% of which monazite forms 0.06% [6].

3.1.2

Origin of West Coast deposits;

Physiographically the peninsular India on the west coast
may be divided into three divisions: (i) the 25-40 km. wide western
ghats which rise steeply to an average height of 1200 m. above
m.s.l. along a conspicuously straight fault (ii) the 20-30 km. wide
narrow coastal strip (30 m. high) to the west, drained by 41 fast
west flowing rivers and (iii) the narrow (45 km. wide) continental
shelf with an average depth of 29 fathoms.
The western ghats receive about 3000 mm. of rainfall
annually. All west flowing rivers are small and descend into the
narrow coastal belt to finally empty into irregular, labile net
work of estuaries and lagoons. The beaches along the coast are
about 3 to 4 m. high.

Geologically, the western uplands consist of ortho and
para gneisses of Precambrian age, charnockites of felsic to ultramafic composition and leptynites, intruded by swarms of pegmatites. Overlying these Precambrian rocks are the Tertiary QuilonWarkala beds consisting of latérites, semi-consolidated sandstones
and clays with lenses of lignite. They vary in thickness and dip
3° seaward. Overlying these beds asre the recent unconsolidated
alluvial clays and estuarine sands.

A series of uplifts of western ghats shifted the strand
line seaward resulting in the formation of bars, spits and lagoons

[7]. The hm deposits are formed in four successive stages: (i) lateritisation of gneissic complexes, (ii) successive mountain uplift
and simultaneous seaward shift of strand line., (iii) reworking
of the beach sands by sea waves, which rise often to a height
of 3 m. in 12 s. period and (iv) littoral d r i f t caused by the breaking
of the waves far away from the shore and consequent northerly
movement of lighter minerals along the reflected waves. The
12
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wind and wave action causes erosion of Warkala beds during high
wave period and supphments the littoral drift (Fig.3) [8]. The
barrier formed works like a riffle on the wilfley table and deposits
the hm on the beach. The light minerals are carried forward [9].
The similarity in the size (Fig.4 and 5) and sphericity ( ( ^ - 0 8 )
of the hm from the beach and sea bed (Bgo-loo*) indicates that
there is very little fresh accretion to the sea bed. There is only
an annual making and remaking of the coast line when the hm
are enriched on the seaward side of the bar by a factor of > 9
[10]. The beach sands of Chavara bar (Kerala) contain (73% hm),
60-70% ilmenite (61% TiOj. 4-7% garnet, 0.5% to 1% monazite
(9.0% ThO2), 5-8% zircon and 1.15% sillimamte.
In Manavalakurchi, Tamil Nadu, the deposit is formed by
the "southerly tilt of the tip of the peninsula [9] aided by seasonal
variation of sea currents, both in direction and magnitude [10].
It contains 64% hm with 45-50% ilmenite (with 54% TiOJ, 2-3%
rutile, 3-4% monazite (9-10% ThOj, 4-6% zircon and 56% garnet
[12]. The higher percentage of monazite and garnet m this area
is attributable to the high density of intrusion of the pegmatites
and leptynites in the hinterland and its location on the sea side
of the embayment of eroded latente [13].
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3.1.3 Dunes:

The dunes near Manavalakurchi situated at the mouth of
Vailiyar river are formed by aeolin action on the beaches during
the dry season. They contain 50% hm of which 35% is ilmenite
(55%
TiO 2 ), 1.35% rutile, and 3.3% monazite (9-10% ThC> 2 ) [1*].
3.1.4 Sea bed off the Neendakarai-Kayankulam bar;
Investigations conducted about 600 m. off the NeendakaraiKayankulam bar over a length of 22 km shows that the sea bed
contain 5% hm of which 0.05% is monazite (9.5% ThOJ [15].
3.1.5 The Teris:

The 'teris' are dunes formed by aeolin action in the arid,
rain shadow plains east of western ghats. Typically, these dunes
analyse upto 10% hm of which 3-4% is ilmenite and 0.06% to
0.35% is monazite [15].

3.1.6

The East Coast deposits;

The east coast beach placers and dunes are low grade
with 8-20% hm. Their formation is influenced by the northerly
long shore currents and the consequent annual littoral d r i f t of
about 2 million t of sand containing 4-5% hm. The sediments
f r o m eastern ghats, which consist of charnockites, khondalites
and alkali rocks, are carried by east flowing rivers and deposited
to form deltas and shallow beaches. During the low tide the beaches from the surf zone are exposed to strong, incessant wind
action during summer months and cause accretion and landward
migration. Of the several occurrence studied the Chatrapur deposit
(Orissa) with about 20% hm and 0.5% monazite is important
The origin of these dunes may be traced to the
initial building up of off-shore bars/spits resulting in the formation
of frontal dunes and lagoons. Subsequently, the lagoons are filled
by the deposition of fresh burden from local streams and spill
over sand from frontal dunes and also the littoral drift. This results
in the formation of low undulating inter dunes sandy area and
finally the rear landward dunes wherever land barriers exist [17].
In addition to the Chatrapur occurrences several exploitable
deposits (25-30% hm; 0.2% monazite) occur along the east coast,
in Andhra Pradesh and Tamil Nadu.
4. Inland placers;
Significant occurrences of monazite-bearing inland placer
deposits are located in the Ranchi plateau. The bed rocks in the
region comprise of Archean metasediments profusely injected
by aplo-pegmatites and finally by a porphyritic granite (18). The
bed rock is covered by a 11/2 m thick mantle of coarse, yellow
alluvium with thin discontinuous dark bands which contain 2-10%
hm of which 0.45% to 1.0% is monazite.
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5. Primary sources;

In addition to the placer deposits described above several
primary occurrences of Th are noted at many places.
Of these, possible economic concentrations that might
merit economic consideration in future are: (i) Proterozoic quartzpebble conglomerates overlying the Archean basements., (ii) Jurassic sandstones of Kutch in Gujrat and the Gondwana sandstones
in M.P., (iii) The igneous rocks of Dhabi, Jajawal (M.P.), Palamau
(Bihar) along a 150 km long shear zone, (iv) The pegmatites of
Salem District (Tamil Nadu) intruding biotite schists and (v) The
alkali syenites and carbonatites of Sevattur, Pakkanadu (Tamil
Nadu), Sung Valley (Meghalaya), Khammam & Visakhapatnam (A.P.),
Kishengarh (Rajasthan) and several other occurrences.
6. Reserves:
The current knowledge of thorium reserves in the world
is small. In Brazil, several monazite placers occur on the Atlantic
coast. In addition large reserves (87%) are associated with bastnaesite in Araxa carbonatites. In Canada 2^0 x 10 t of thorium resources are identified so far, bulk of which are associated with
uranium (Th:U 3.5:1/0.5:1) in the quartz-pebble conglomerates
of Elliot lake. In South Africa, of 12500 t of Th identified, about
77.5% is estimated to occur in the carbonatites, 11.2% in the
sandstones of Karoo supergroup, and only 5% in the quartz-pebble
conglomerates and the rest as veins in Archean complex.

China and USA have a large reserve base because of the
association of Th (0.5% to 1% ThO2) with REO in its bastnaesite
deposits associated with carbonatites. The Chinese reserve associated with the bastnaesite in the carbonatites of Inner Mangolia
are estimated at 380,000 t of Th [19].
According to USBM Industrial survey (1985), [20] the US
reserves of thorium are estimated at about 200,000 t of which,
about 70% occurs in vein type thorite deposits. The reminder
are in the carbonatite deposits in California. Small amount of
monazite (0.35%) are also recovered alongwith ilmenite, from
the beaches of Florida.

The reserve base of other countries like Sri Lanka,Malaysia,
Norway etc. are small and forms only 20% of the world total.
In India thorium reserves are estimated at 0.36 x 10 t
of Th forming ^
30% of the known world resources [21]. The
details of Indian reserves are given in Table-II.
7. Process flowsheet:

A generalised industrial process flowsheet for the separation
of individual minerals is given in Figure 6. It comprises of five
unit operations: (i) sizing, (ii) magnetic separation of varying intensity, (iii) high tension separation (HT), (iv) air/wet tabling and
(v) flotation.
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TABLE II

RESERVES OF MONAZITE
In million tonnes
RAR

Nature

Monazite

EAR I

ThO- Monazite

ThO-

0.29

0.026

1.

Beach sands
and dunes

1.60

O.IM

2.

Tens

0.73

0.066

3.

Sea bed off coast

O.i>3

0.038

k.

Inland placers

l.H

0.130

2.33

Total

0.210 2.16 0.1 9<*
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The raw sand is trucked to the plant where it is dried
and sized using 35 mesh screen. The oversize is rejected and the
undersize is treated in HT separators. The conducting minerals
are subjected to magnetic separation (light intensity) to yield
a crop of ilmenite in the magnetics and rutile in the non-magnetics.
The non-conducting minerals are subjected to a successive stages
of light and high intensity magnetic separation to yield monazite
in the magnetics which is cleansed by using air/wet tabling and/or
flotation to the required grade. The non-magnetics of high intensity
magnetic separation are cleaned on an air table to yield a concentrate of zircon and lights (tails) of silliminite. Silliminite is
further cleaned using fatty acid flotation to obtain a marketable
grade crop. Though ideally ilmenite and rutile must report as
conducting magnetics and non-magnetics, several minerals, particularly garnet reports in these concentrates. Therefore, several
steps of cleaning and scavenging are undertaken to yield and required grade of monomineralic concentrates and increase the recovery
of individual minerals.
In case of low grade Dunes and east coast placer deposits,
tests using several alternative equipment such as Tables, Trays,
Cones and Spirals indicated that spirals are most satisfactory
since they offer flexibility and also yield a rejectable tailing analysing 2.9% hm and a concentrate (75% hm at 90% recovery), which
could be fed to the dry mill.
8. Discussion:

The reasonably assured resources of thorium in India,
form about 31% of the world's estimated deposits. The reserves
could have been several times more if systematic surveys are
carried out for thorium in the geologically promising terrains
such as we have in the acid intrusive belt of Salem in Tamil Nadu,
the hinterland of Kerala and the alkali syenitic and carbonatite
rocks of Tamil Nadu, Andhra Pradesh, Rajasthan, Madhya Pradesh,
Bihar and Meghalaya.
Taking an overview, while intensive and extensive exploration identified 2 x 10 t of U in RAR category, the known thorium reserves, assessed so far in the same category indicate
1.2 x 10 t even when the inputs for locating thorium reserves
are incidental to prospecting for hm like ilmenite and/or uranium.
Therefore, globally speaking the possibility of increasing the Th
reserves is high.
Long term projections of IAEA for the nuclear power growth
for the period 2025 indicates an inadequate supply [22] of uranium
even when a lower growth rate for nuclear energy (using LMFBR)
and the planned growth of uranium production are considered.
The gap will increase considerably, if the demand for nuclear
energy increases and more reactors are commissioned.
While it is true that large stocks of available depleted
U can be utilised, countries that have limited identified resources
of U, may have to use Th to ensure continuous growth rate in
their quest for power.
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Thus, in the long term, it is necessary that the data collected globally is pooled, and prospective areas are identified for
funding of surveys that might be considered rewarding.
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IAEA ACTIVITIES IN NUCLEAR FUEL TECHNOLOGY,
PERFORMANCE AND UTILIZATION INCLUDING
THE ROLE OF THORIUM-BASED FUEL

V. ONUFRIEV
Department of Nuclear Energy and Safety,
International Atomic Energy Agency,
Vienna
Abstract
The IAEA activities in nuclear fuel technology, performance and utilization
are presented with special emphasis on thorium-based nuclear fuel.
Utilization of thorium fuels in once-through cycles is discussed, as well as,
in closed thorium/uranium or thorium/plutonium fuel cycles.

By the end of 1985 there were 374 power reactors in operation, with
a total generating capacity of 249,6 GW(e) and about 90% thereof was
generated by water-cooled reactors using U0„ as fuel and zircaloy as
cladding material.

Until now, large experience has been accumulated worldwide in
nuclear fuel design, fabrication and utilization in water power
reactors. Water reactor fuel fabrication plants are in operation in IS
Member States with licensed annual capacity of around 10,000 tons of
heavy metal. It will meet the demand of utilities until sometime between
1990 and 1995, depending on the actual deployment of nuclear power plants
and the degree of improvements in reactor and fuel performance.
For the actual parameters of fuel utilization in water-cooled power
reactors the performance of fuel is satisfactory. Average failure rates
are now as low as 0.01% failed fuel rods per reactor year or less. Thus,
nuclear fuel cycle technology in the field of fuel fabrication and
utilization is the proven technology today. It is important today and in
the near future to reach the same or better level of fuel reliability
under future operational and abnormal conditions.
Now it is also time to adapt nuclear plants to the requirements of
the national and in some cases, multinational electricity grids, to

improve economics under the level of safety, as necessary. Not the last
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target is the reduction of uranium consumption, plutonium and uranium
recycling. In order to meet these requirements national and
international projects are being performed with the aim to extend burnup
(for PWRs from 33 MWd/kgU to 45 HWd/kgU by 1995), to improve fuel rod,
assembly and active core design and to implement advanced fuel management
schemes. Automation of fuel fabrication processes is directly linked
with the production of mixed (uranium and plutonium) oxide fuels and
recycling of fissile elements from used fuel. Further development of
methods of characterization and Quality Control of nuclear fuel is
performed, especially, regarding their feedback to fuel fabrication and
behaviour.

In the current and near future water reactor fuel development is
also primarily related to studies on water side corrosion, pellet
cladding mechanical and chemical interaction, fission gas release,
dimensional stability, the use of burnable absorber, etc.

The activity of the Nuclear Fuel Cycle Division of the IAEA in this
area, has been performed under the guidance of the International Working
Group on Water Reactor Fuel Performance and Technology (IWGFPT). This
group comprises 21 countries with significant nuclear power programmes.
Many developing countries constantly request that more efforts should be
made by the Agency in order to provide them with technical advice and
expertise in the development of nuclear fuel technology. Assistance has
been given to Egypt, Indonesia, Republic of Korea, Romania, Yugoslavia in
establishing their own fuel cycle facilities through projects performed
by the Department of Technical Cooperation. The Agency financially
supported participation of representatives from developing countries in
meetings related to nuclear fuel fabrication and utilization.
Through Agency meetings, fellowships, technical contracts and
agreements technical information was transferred to developing countries

on the following subjects:
water rector fuel fabrication,
behaviour of water reactor fuel,

-

water reactor fuel performance modelling,
improvement of water reactor fuel utilization,
alternate fuel and advanced reactor fuel technology,
interim spent fuel storage of water reactors.
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Developed countries have also profited from the exchange of
technical information in these areas. The most helpful exchange of
expertise obtained in different Member States has been performed through
the initiation of three Coordinated Research Programmes, namely, on
"Investigation of Fuel Element Cladding Interaction with Water Coolant in
Power Reactors" (CCI), "Examination and Documentation Methodology for
Water Reactor Fuel" (ED-WARF) and "Development of Computer Models for
Fuel Element Behaviour in Water REactors" (D-COM).

The actual problems of reactor fuel design, fabrication and
performance have been discussed, in depth, at International Seminars on
"HWR Fuel Technology" (Argentina 1983), "Practical Experience in the
Application of Quality Control in Water Reactor Fabrication" (FRG 1984)
and "Remote Handling Equipment for Nuclear Fuel Cycle Facilities" (UK
1984). Specialists' and Technical Committee Meetings were held to
discuss separate problems of fuel performance, including "Post
Irradiation Examination and Experience" (Japan, 1984), "Improved
Utilization of Water Reactor Fuel with Special Emphasis on Extended
Burnups and Plutonium Recycling (Belgium, 1984), "External Cladding
Corrosion in Water Cooled Power Reactors" (France, 1985), and "Fuel Rod
Internal Chemistry and Fission Products Behaviour" (FRG, 1985).

Experience obtained by Member States in advanced fuel fabrication
technology and its performance regarding all types of reactors, in order
to meet the requirements in the near future, were discussed at the
Advisory Group Meeting on Advanced Fuel Technology and Performance
(Switzerland, 1984). At the meeting, areas which may centre main efforts
and future IAEA involvement in the improvement of nuclear fuels, were
defined. Due to the recommendation of the Advisory Group, the Agency is
holding Technical Committee Meetings on "Utilization of Thorium Based
Nuclear Fuels - Current Status and Perspectives", December 1985 and on
"Properties of Materials for Water Reactor Fuel Elements and Methods of
Measurement", October 1986.
A Symposium on "Improvements in Water Reactor Fuel Technology,
Fabrication and Utilization" will be held in Sweden, September 1986 in

order to analyse the developments in the related areas since 1978,
symposium on a similar subject took place in Czechoslovakia.

when a
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Thorium fuel utilization, technical status and development needs
were considered in detail by the INFCE Working Group 8 (1977-1980). Some
aspects of the thorium fuel cycle were considered at the IAEA Nuclear
Power Conferences in Salzburg (1977) and Vienna (1982), as well as, the
TCM on Improved Utilization of Water Reactor Fuel with Special Emphasis
on Extended Burnups and Plutonium Recycling (Mol, Belgium, 7-11 May
1984), TCM on Advanced Light and Heavy Water Reactor Technology (Vienna,
Austria, 26-29 November 1984) and others. In-depth consideration of the
technology of some thorium fuels was dealt with, as mentioned before, at
the IAEA Advisory Group on Advanced Fuel Technology and Performance
(Wurenlingen, Switzerland, 4-6 December 1984).

Until the present time, considerable efforts have already been made
in the area of fabrication, utilization and reprocessing of Th-based
fuels for different types of reactors, namely: by FRG and USA for HTRS;
FRG and Brazil, Italy - for LWRs; India - for HWRs and FBRs. Basic
research on thorium fuel and thorium fuel cycles is also being undertaken
by Canada, China, FRG, France, Romania, USSR and other countries. Main
emphasis has been given to the utilization of thorium fuels in
once-through nuclear fuel cycles, but in some projects closed
thorium/uranium fuel or thorium-plutonium cycles were also considered.
The advantages in the use of U-233 and thorium in advanced thermal
designs are dealt with and the potential for obtaining a self-sustaining
equilibrium with perhaps a slight margin for breeding. Recycling of
reprocessed U-233 from irradiated FBR blankets and HTR fuels is also
considered as a worthwhile direction in the alternate fuel cycles. The
utilization of U-Th oxide fuels in HTRs is a proven technology of today.
However, in spite of considerable uranium savings the utilization of
U-Th oxide fuels is still limited. There are several major reasons
explaining the situation. Technical concerns include the need for full
remotisation of irrdiated Th fuel reprocessing and U-233 fuel
refabrication due to penetrating gamma radiation from U-232 daughter
products and the need for development of three stream reprocessing
technology for extraction of uranium isotopes and Pu-239. The impact of
these factors on the economics of the fuel cycle is also very essential.
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The current situation on the uranium market seems at, first sight,
unfavourable to the implementation of thorium nuclear fuels. The
near-term uranium outlook is for oversupply and low prices, as in the
past few years. As a consequence of the low prices (spot market price is
now about $ 44/kg U in comparison with $ 112/kg U in 1977-79), uranium
exploration continues to decline in WOCA. Correspondingly Reasonably
Assured Uranium Resources following to uranium exploration expenses also
continue to decline.

As a result, annual uranium production capability of WOCA from
existing and firmly committed mines and mills is expected to be able to
fill the annual reactor requirements before the end of this decade.
Thereafter, additional mines and mills will be required. As lead times
for uranium exploration and mining projects are 10 to 15 years and are
still growing, higher levels of exploration uranium efforts will be
needed if future reactor requirements are to be met. The alternative is
the implementation of thorium fuel cycle.
Another aspect merit to be discussed is the potential for the
reduction of uranium demand, due to improvements in reactor and fuel
performance. In a paper by Stig Sandklef (Swedish State Power Board)
presented at the Xth Uranium Institute Annual Symposium, 3-5 September
1985 this analysis is given for the year 1995. Advances in fuel
management schemes include: extended burnup, low neutron leakage loading
pattern, improved fuel designs, axial burnup shaping, natural uranium
blankets, fuel reconstitution, initial core reinsertion, coast down
operation, spectral shift operation, relaxation of safety constraints.
Extended operating cycles and influence of capacity factors were also
anlysed. It is seen that 18% uranium and 10% of separative work could be
saved in 1995 if the above-mentioned advances in fuel managment are
done. At the same time, implementation of extended operating cycles,
increasing of capacity factor and increased power will lead to a certain
increase in uranium demand and separation work. The total result shows
that integral reduction in uranium demand and separative work will be
very small.
This means that the world situation with uranium production and
demand could be one of the factors endorsing R and D on further
investigation of thorium fuel. Due to the delay in the construction of
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power fast breeder reactors, utilization of thorium/plutonium fuel in
water cooled power reactors could be considered as one of the means of
burning plutonium coming from reprocessing plants, thus, avoiding its
long-term storage.
It is obvious that some uncertainty in scale of future development
in thorium fuel cycles still exists and it influences the volume of
national efforts in thorium resources exploration, in development of
thorium fuel technology and basic research on physical, chemical and
nuclear properties of thorium fuels.
Under these circumstances the Agency has contributed and will
contribute to the collection and exchange of information in this area and
to the co-ordination of national efforts in order to maintain and improve
the knowledge of all aspects of utilization of thorium as an alternative
nuclear fuel.
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THORIUM UTILIZATION IN PWRs:
STATUS OF WORK IN THE COOPERATIVE
BRAZILIAN/GERMAN PROGRAM
M. PEEHS*, G. SCHLOSSER
Kraftwerk Union AG,
Erlangen, Federal Republic of Germany
R.B. PINHEIRO
Empresas Nucleares Brasileiras SA,
Belo Horizonte, Brazil

V. MALY
Kernforschungsanlage Jülich GmbH,
Jülich, Federal Republic of Germany
M. HROVAT
NUKEM GmbH,
Hanau, Federal Republic of Germany
Abstract

The major results of the program "Th-Utilization in IV/R's" are
presented and discussed: The investigations show that the standard
KWU-PWR can accomodate (Th,U)02 and (Th,Pu)02 fuel without changes
in the fuel element design, in 3 and 4-batch operation scheme,
without penalties in the reactor performance. An advanced fuel
fabrication scheme using direct pelletizing methods out of ex-gel
microspheres has been developed on laboratory scale. The (Th,U)O,,
test fuel produced satisfies FWR-specification and is currently
undergoing irradiation testing. Thermal and mechanical design
of fuel pins with thoria-based fuel is validated by the current
instrumented single rod irradiation test. Cold laboratory inves-

tigations indicate that the (Th,U)CL PWR-fuel can be reprocessed
using presently known technology, including the chop-leach technique and modified THOREX extraction process.
I. Introduction

The utilization of thoria fuel in thermal reactors can result,
due to a high TJ-value of U-233, in higher conversion ratios
and consequently in better resource utilization compared with
* Postal address: Dept. B 222, Fuel and Special Technologies, P.O. Box 3220, D-8520 Erlangen,
Federal Republic of Germany.
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the conventional uranium fuel. This holds particularly for advanced reactor types specifically designed for thoria application,
as shown by numerous R+D activities in many countries, among
others Brazil and Germany. But also in Light Water Reactors substantial advantages are anticipated in a case of a closed fuel
cycle /!/. However the thorium fuel cycle technology was not
as mature to permit well based feasibility statements in this

area.
Therefore the cooperative R+D program on "Thorium Utilization
in Pressurized Water Reactors" between NUCLEBRAS/CDTN on the
Brazilian side and KFA, KWU and NUKEM on the German side aims
to an improvement of our knowledge on this subject and contributes to fullfill in practice the "Governmental Agreement on Cooperation in the Field of Science and Technology" of 1969 and
the "Memorandum of Understanding between KFA and NUCLEBRAS" of
1978 / 2 - 5 /.
The objectives of the program running since mid 1979 are:
- to analyse and prove the thorium utilization in pressurized
water reactors,
- to manufacture, test and qualify Th/U and Th/Pu fuel rods and
elements under operating conditions,
- to study the back end of thorium fuel cycle by reprocessing
spent Th-containing PWR fuel elements where it seems to be
reasonable, or by applying available storage techniques.
The program utilizes as much as possible the existing technologies and available know-how for fuel element and nuclear core
design, fuel element fabrication and reprocessing. Therefore
the existing techniques and equipment for the fuel cycle in High
Temperature Reactors, i.e. manufacturing and reprocessing of
fuel, as well as for the fuel cycle in Light Water Reactors,
i.e. fabrication and head end treatment, have been applied.
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2. Nuclear Core Design

The KWU standard 1300 MWe FWR is the reference reactor for the
present study. The results of nuclear core design are based on
Th-fuel cycles using highly enriched uranium (HEU) or LWR recycle
Pu as initial fissile material /I, 5 /. It was found that the
present design KWU-type PWR can be operated without changes and
restrictions with 3 and 4-batch loadings in open and closed fuel

cycle modes with all types of fissile material investigated
/ 1, 6 /.
It is to be anticipated that the realistic way of introducing
Th-fuel to a FWR would be via a partial and later complete Th-fuel

assembly reload / 1, 7 /. Results gained so far in the cooperative
program show that no changes of the Th/HEU fuel assembly design
- in comparison with the standard U-fuel assembly - to be loaded
into an U-core is necessary. The use of Pu instead of HEU reveals

also some interesting feature. Fig. 1 shows the relative energy
production of Th/Pu-fuel inserted in a standard PWR core. However
the high fission cross sections of Pu combined with a high thermal

flux of neighbouring U fuel assemblies would cause unacceptable
power peaking / 1, 7 /. Thus, Th/Pu-MOX fuel assemblies - as
used for Pu recycling via U/Pu-MOX assemblies - need 2-3 types

of fuel pins with a different fissile material content as shown
in Fig. 2, to avoid local power peaking when loaded adjacently
to U-fuel assemblies / 1, 7 /.
100
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Relative Energy Contribution of the Isotopes of
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3. Strategy investigations

Strategy investigations are based on the need for natural uranium
and separative work, calculated from the fuel cycle data of the
nuclear core design /I, 6 /. Recycling is found essential only
for the Th/HEU to achieve substantial savings.
Recycling, however, may not be needed in the case of Th/Pu-cycles to realize savings in the need for natural uranium and separative work. Considerable saving come from Th/Pu-fuel via the
replacement of U-fuel in existing reactors. The Th/Pu-fuel offers
the potential of extending burn up to values where early closure
of the fuel cycle by reprocessing Th-fuel could be avoided.
4. Fuel Technology

As reported above the present available fuel assembly design
for KWU 1300 MWe PWR can be used to full extent to realize a
thoria based fuel element. Thus, there is only a need for developing the oxide fuel manufacturing technology. This result from
the nuclear core design is to be regarded as a major benefit
for the Th use in commercials PWRs.
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Since there are large experiences available for chemical conversion processes for (Th,U)O9 fuel production from HTR work / 8 /
and for direct pelletizing of UO_ / 9 / from PWR technology it
was emphasized to use, as shown in figure 3:
- the chemical ex-gel conversion process in combination with
- standard pelletizing processes for UO- ex-AUC.

Selecting this combination offers the unique possibility to use
the existing manufacturing equipment and quality assurance programs
from commercial PWR and HTR / 8, 10, 11 /.
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Combination of Available Technologies for the
Manufacturing of Mixed-oxide Fuel
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Table

Criteria

1 : Criteria for

High burnup targets

for U02
Density

(g/cm )

Open porosity

(Vol.-?;)

Grain size

(urn)

(95 % td)
0.5
10

Average pore diameter (urn)

2.5

10.40

( T h , U ) O _ - L W R - f u e l for high burnup

High burnup targets
for (Th,U)0

properties

9.5
0.5

-

1

-

1

-

20

1 0 - 2

10.40 g/cm

not yet evaluated
(2.0 3.0 p r e l i m i n a r y )

at

Status of (Th,U)0 -fuel

9.00

- 9.80

0.5

-

10

3

- 15

1.8

- 3

0.25

- 0.3

log. scattering factor

of pore size distribution
Shape factor

2)

./.

0.25

of pores

0.30

>

1)

2)

0.7

0.25 -

>

0.30

0.7

the results of FRJ-2 tests are necessary to confirm these values
_!_
F

Circumference of a pore in the microsection
Circumference of a circle with the same area

>

0.7

low op.por. can b

Table 1 summarized the target properties of the fuel with respect to the burn up defined in the nuclear core design and strategy studies /I, 11 /. Two major areas of concern have been
identified in the early stage of (Th,U)02~fuel development:
- the improvement of the fuel microstructure, especially to avoid
the so-called black-berry structure.
- the adjustment of the pore size distribution due to requirements given in table 1.
Details of the performed R+D-work have been reported earlier
/ 11, 10, 12 /. It turned out very soon that standard ex gel
kernels are not suitable for the direct pelletizing process.
However, the use of carbon black as additive to the feed solution
permitted the adaptation of the ex gel kernels to the requirements
for pressing and sintering, as well as to the control of density,
microstructure and especially of the pore size distribution.
The use of carbon black needs, of course a treatment for its
removal after the kernel precipitation. The carbon black is completely oxidized during the calcination to CO« leaving the fuel
kernel easily. Selecting its particle size distribution adequately,
the burning carbon black leaves not only "press pores" behind
improving the pelletizing, but also pores needed for the accomodation of swelling /shrinkage behaviour during burnup / 16 /. Table
2 compiles the results from test fuel production.
The reliability of the results from the R+D-program for (Th/U)0_fuel the fuel development is assured by a "Round Robin Test"
involving a cross check of the manufacturing procedures performed
at the different laboratories, as well as a cross check of the
properties of the prematerial and the final pelletized fuel (Fig. 4)

33

U)

-p..

Table

2 : Comparison of property-requirements and results from test f u e l production

Properties

Unit
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Observed

(Th+U)-Content

w/o

mm. 87.7

87.83
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w/o HM

5 +_
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MolO : MolU

1.99

0.1
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•7

H -Content
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Nmm /g (Th,U)0

max.

40

9.4
17.6

Impurity Content:

F
Cl
C
5
N
Ça
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3
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Resintering Test

in line with requirements
3
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3
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23

1

0.911

9.5 + 0.15
0.2
4-15

max.
2

0.20

9.47 - 9.58

adjustable
8

- 15

0.08
0.89 - 1.14

f i x a t i o n ef ___
NUCLEIRlS

,»— __

1209

/
40g 3

paraatttrs

NUKEM

calddtd
___
(Th.5U)0, kernel»
/

720g

<

- -

QÏOQQ^^^^ ^^J_240g 1 [ jVog

—- -

Kernel fabrication (2x5 batches with 720g e«ch)

1 W>9 1

•——

I

NUCLEBRiS

N8

kernel
characl

KVU

NUKEM
kernel

kernel

:haract

charact

NB

2 x 35

1
NUKEM

kernel
charact

2 x 35

pellets

pellets
2 i25

2x10

2 »25
1

2» 10

physical

distr.

and

for

distr.
for

9* omet r.

Chemie.
inalysK

physical
and
geometr.
analysis

analysis

2x5

2x5

NUKEM

1

f. diameter
n-lM
Kernel characterization
. crushing strength «.30
(each partner)
\. particle density
IX
^ RfT
u

2 x 35

P»11nt

P* l1ets

'-••-•

2x 2S

Chemie,
analysis

analysis

I
2x5

„..,....
"u
,
k cr t:
. " '
-haract

N8
kernel
;haract

physical
and
geomctr.

1
2x5

1

, ..
*
j^' r '
chennc. \
»»Vsis
T

fxhrirAtinn

t *i*7

2x5

»Afh

totally 30 sinter'batches)

, pressing of green pelletsr. pgreen accord, to Indiv. working point
(each partner)
\. Ap green should be as low as possible

d

?x5

«int»r hfltrhpt w i t h 1^ n»11*t( far

" ' " " ' " ' 'partner,

• s ' " t e r l " 9 of pellets
(«ch partner)

X
^

x

f. sinteriny of pellets
1 Psmt . 9 . 50 g/cm' nominal value
| sintering
170QOC
parameter
t h

H, or H, nixture

Pellet characterization

'. geometry, density/open porosity, and

roughness ... total
. résinier test ... 2x
pellets (no exchange of . microstructure
- pore structure ... 2x
sample*)

physical and geometrical
characterization of

- grain size ... 2«
- pore sue distr. ... 1x

chemical characterization: separate Round Robin Test (not (11

chemical analitical methods available at all partners, exchange
of samples in these cases)

Fig.

Detailed Procedure of the Round Robin Test

o

\

(Th/U) 02-fuel pellets ex. sol-gel

1979

1980

1982

1981

1983

(Th/Pu) 02-fuel pellets

t

End of phase I
Irradiation
testing in PWR:
-* rodlet — rods
- fuel assembly

CO GO

Lab implemen-/, .
,.,:«„
/ Integration +
tation
reproduction
of R+D-results

Development of
principles

Optimization of
manufacturing

Optimization
of
manufacturing

Confirmation

Confirmation
of manufacturing

Fabrication
following
specifications

Fabrication
following
specifications

(Th/U) Oj-fuel
fabrication

Integration +
reproduction of
(Th/Pu) Oj.fuel
technology

Development of principles of
(Th/Pu) 02-fud

Rodlet
irradiation
testing

Fig.

5

Th-Otilization in PVIR: Fuel Development and Fuel Fabrication

After completion of the (Th,U)0_-fuel technology development
the transfer of the gained knowledge to (Th/Pu)0_-fuel production
is initiated by the use of Ce as a Pu-simulator. Ce has proved
to be an good Pu simulator under the aspect of its chemical,
ceramurgical and physical properties / 13 /. The use of Ce as
simulator allows for the development of the (Th,Pu)0_ technology at a low cost basis. Only the final confirmatory investigation will use Pu. Fig. 5 comprises an overview on the strategy
persued in fuel development and fuel fabrication.
5. Thermal Fuel Rod Design and Performance Prediction
Since the fuel assembly design and the linear heat rating of
the Th-containing bundles are practically identical, thermal
design work and performance prediction can be concentrated on
the fuel rod analysis. The thermal conductivity for (Thtu)0^
was determined also for the fuel with its typical microstructure.
The results show that it is very near to the data known from

To describe the fuel behaviour during burnup, the mechanistic
densification-swelling model developed for UO_ / 14 / has been
adapted for thoria based fuel / 6 /. Also the CARO-code in its
most recent version CARO D 5 / 15 / has been adapted also to
describe in service fuel rod performance.

After completion of the code adaptation and having measured all
necessary fuel properties, the thermal design and performance
prediction were made for the test fuel rods currently under irradiation in the FRJ-2 at Jülich. The work resulted so far in a
fairly good prediction for the beginning of life of the test
fuel rods.
6. Irradiation Testing
The irradiation testing is performed in two complementary programs:
- an instrumented short length single pin irradiation in the
experimental reactor FRJ-2 at KFA Julich/FRG
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- a segmented fuel rod and full length fuel rod irradiation in
a host FA inserted into a connercial power reactor in Brazil.
The strategy behind these two branch program is to have a fast
performing single rod irradiation, evaluating the burnup performance of the as-developed fuel and to generate the data base
needed for licensing the pathfinder irradiation in the power
reactor. The pathfinder irradiation provides the performance
data under power reactor conditions. The single rods will be
examined in a detailed PIE, whereas the pathfinder fuel rods
will be inspected initially by available pool inspection techniques
/ 16 /. However, pool inspection is able to indicate the existence
of any clad degradation, also from the inside, or the existence
of defects if there are any. Thus, the results from both test
series provide a reliable data base to assess the burnup performance of fuel pins with (Th,U)0_ under power reactor conditions.
Table 3 gives an overlook on the single rod irradiation program
and its actual status. The defect in the test LV 9.6-E 62 is
due to a failure in the instrumentation.

Rig.

No.

3 : Overview on FRJ-2 irradiation experiments
Values for E 61 in brackets were reached
t i l l 30 Sept. 84
Test fuel rod

(position)

LV9.6-E60

TT80

(top)

TDT81 (bottom)

Max. rod power
fro«
till
Wem
U/c»

Bumup

Irrad. ti«e

GUd/UW

d

167

346

6,82

391

430

8,22

PIE

complétée

Table

116,1

en
en

0}

LV9.6-E61

111

234

TDT83 (bottom)

278

308

TT84

112

235

1,5 *

276

300

1,26*

TT82

(top)

t-t
o>
o

8,2

0.

LV9.6-E62

(top)

TDT85 (bottom)

10.0

176

5

34

S
u
en
0
t-,
CL

c
H

* terminated after a defect
in the instrumentation
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Table 4 summarizes the pathfinder irradiation program. In order
to investigate the operational behaviour and the dimensional
stability of the fuel at different temperatures, the clearances
between the fuel pellet and the cladding shall be varied within
the full tolerance scale, i.e. in the range of 120 to 220 urn,
in the segmented rods. Thereby first priority shall be given
to the medium clearance of 170 urn. A full-length rod shall be
irradiated to show the operational performance of a standard
fuel rod with that type of thoria fuel.
To get information on the fuel performance in the whole burnup range to 45 GWd/kg HM segmented fuel rods shall be irradiated
for 1 to 4 operational cycles. This means, one segmented fuel
rod shall always be un-loaded during the refueling shutdowns
of the power plant. The full-length fuel rod shall be irradiated
for altogether 4 operational cycles and finally be examined in
the spent fuel pond of the power plant. Intermediate examinations
are planned to be performed during each refueling shutdown if
the time schedule for the refueling allows.

7. Investigation on the back end of the fuel cycle

For the most interesting case - the use of LWR recycling Pu as
fissile material in Th fuel - worth mentioning savings are already
achieved in the once through-put away cycle. Thus no reprocessing
is needed for this fuel. But the long term storage of spent thoria
fuel has to be still considered. Preferentially dry storage techniques will be used. Based on the excellent experience on the dry
storage of spent UO containing LWR-fuel / 17 /, no major problems
should arise in this field. Only the different decay heats from
(Th,Pu)0_, in comparison to the UCL fuel, require an assessment
at which periods after shut down dry storage may start in both
versions: unconsolidated or consolidated manner. The problem
areas of final disposal have not yet been addressed.
Using HEU as fissile material reprocessing is needed to achieve
resource conservation (U- ore savings) and savings in the fuel
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Table

4 : Overview on the p a t h f i n d e r irradiation to be performed in ANGRA I
(Beginning with 3. reload 1988)
Test rod insertion period

Test rod identification

host fuel assembly No. 1
1 cycle
2 cycle

3 cycle

host fuel assembly No. 2
4 cycle

Segmented fuel rod No. 1
target burnup
11 GWd/tHM
Segmented fuel rod No. 2
target burnup
27 GWd/tHM

Segmented fuel rod No. 3
target burnup
33 GWd/tHM

Segmented fuel rod No. 4

Full length fuel rod

target burnup
45 GWd/tHM
X

target burnup
45 Gwd/tHM

cycle cost. A scoping study on reprocessing showed the following
results:
Cold dissolution experiments have shown that in the dissolution
of (Th,U)0_ fuels by Thorex solution, the Zircaloy clad is also
dissolved to some extent and, besides this the dissolution time
is 30 % increased if Zircaloy cladding is present. Nevertheless,
final statements about dissolution behaviour of fuel with high
burn up can only be made after hot experiments / 6 /. Those experiments are in progress.
For an optimization of the solvent extraction processes, distribution data covering the whole range of interest have been evaluated. Interpolations and extrapolations are possible by a computer program. Considerations about the readioactivity of reprocessed U-233 fuel from power reactors on the one side and the
experience gained so far with the THOREX process variants on
the other side lead to the proposal of a single-cycle THOREX
process / 6 /.
8. Conclusions

The major results of the program work, confirmed in all related
working areas, can be summarized so far:
- The standard EWR may use (Th,U)02~fuel and even (Th,Pu)O_ fuel
without any changes within the reactor system, within the core
or in the fuel assembly design.
- Nearly the same performance of the reactor can be expected
using (Th,U)02~fuel or (Th/Pu)0_ as for of IXL-fuel in a standard ïVJR nearly
- (Th,U)0_-fuel can be easily manufactured within the same specification limits used for U0~-fuel. A slightly modified ex-gel
process from the HTR-technology as a chemical conversion is
combined with the standard pelletizing, sintering and grinding
process which is in commercial use for LWR-fuel fabrication.
The development of (Th,Pu)02 fuel by means of Ce as simulator
material is in good progress.
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- Thermal and mechanical design of fuel rods containing thoriabased fuel can be done as well as with standard U0_ fuel pins.
The performance predictions made for the irradiation tests
have been validated so far by the irradiation results.
- A favourable strategy to avoid the need of early reprocessing
and to strive for worthmentioning savings in U-ore might be
the use of (Th,Pu)CL fuel in a "once through-put away cycle"
with extended burnups. Problems encountered with long term
storage of spent Thoria-based fuel are very similar to that
known frctn urania-fuel. It should not pose any extra problems.
- Thoria fuel may in the HEU-cycle require reprocessing to realize
substantial savings in fuel cycle costs. Reprocessing of spent
LWR-fuel with (Th,U)0«-fuel is principally feasible using reprocessing schemes derived form experience gained in the context
with HTR work and in combination with a chop-leach technique
using the Thorex solvent.
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THORIUM CYCLE IN UNMODIFIED PWRs
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Abstract
For more than ten years the C o m m i s s a r i a t à L'Energie Atomique and thé
E l e c t r i c i t é de France have jointly c a r r i e d out experimental and design studies in
d i f f e r e n t f i e l d s : HTRs, MSRs, PWRs.

W i t h regard to the PWRs, the studies f i r s t concerned the use of
P l u t o n i u m w i t h T h o r i u m t o s t a r t t h e c y c l e . A s a t i s f a c t o r y s o l u t i o n h a s been
obtained by r e c y c l i n g the Plutonium w i t h Thorium as from the f i r s t core loading.
The solution proposed consists of loading the whole reactor w i t h Th-Pu assemblies
f r o m the f i r s t core and no longer using the standard checkerboard Loading ; the
a s s e m b l i e s are loaded in rings. Two p o s i t i v e points appear : burnable poisons are
no longer necessary and the a s s e m b l i e s are no longer divided into several zones
(as w i t h Plutonium r e c y c l e w i t h Uranium in reloadings). There are two rather
n e g a t i v e c h a r a c t e r i s t i c s : the second generation Plutonium may be used only in
FBRs a n d t h e c o n v e r s i o n f a c t o r i s r a t h e r s m a l l . N e v e r t h e l e s s t h e proposed
solution g i v e s acceptable pin power peak, temperature c o e f f i c i e n t s , etc...
S a t i s f a c t o r y solutions have also been obtained for cores loaded w i t h
Th-U233 assemblies. The main problem is, in this case, the moderator temperature
c o e f f i c i e n t . D i f f e r e n t s o l u t i o n s m a y b e found t o solve t h i s p r o b l e m : w e have
chosen the one w h i c h gives simultaneously'an a c c e p t a b l e moderator c o e f f i c i e n t and
a conversation f a c t o r improvement (the use of spectrum s h i f t control).

INTRODUCTION

For some years now E l e c t r i c i t é de France (EDF) has been carrying out
s t u d i e s c o n c e r n i n g the T h o r i u m c y c l e . T h e s e s t u d i e s , begun in 1969 in
r e l a t i o n s h i p to High T e m p e r a t u r e R e a c t o r s (HTR), have been p e r f o r m e d
jointly w i t h the C o m m i s s a r i a t à L'Energie Atomique (CEA) /1/ : the Nuclear
S t u d i e s Center at S a c l a y for t h e o r e t i c a l studies concerning designs and
codes d e v e l o p m e n t s ; t h e N u c l e a r C e n t e r a t C a d a r a c h e f o r t h e i n t e g r a l
experiments made necessary by the search for improvements in the accuracy
of the basic nuclear data. These studies w e r e then completed in the field
of Molten Salt Reactors (MSR) (from 1975 on) and more recently (from 1979
on) in the field of Light Water Reactors (LWR) 121 / 3 / .

PLUTONIUM RECYCLE UITH THORIUM IN UNMODIFIED PWRs

To start the Th-U233 cycle it is necessary to begin w i t h a ThoriumF i s s i l e M a t e r i a l couple f r o m w h i c h t h e f i s s i l e e l e m e n t m a y b e e a s i l y
obtained. Two p o s s i b i l i t i e s may be considered :
The High Enriched Uranium/Thorium/11233 c y c l e
The Plutonium/Thorium/U233 cycle.
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The first case seems to be inconsistent w i t h the present development
of PWRs using Low Enriched Uranium. Furthermore, since important Plutonium
quantities w i l l be available it is obvious to try to use this material to
start the T h o r i u m cycle ; moreover the Plutonium recycle w i t h T h o r i u m
appears as the logical continuation of the studies concerning the Plutonium
recycle M/ /5/ and the uranium recycle /6/ 111.

The use of t h i s PUR Plutonium, c o n t a i n i n g r a t h e r important even
isotopes proportions, is of course particularly favourable in Fast Breeder
Reactors (FBRs).. The best way to use the P l u t o n i u m is thus c l e a r l y
defined : it must be used in the LMFBRs. Nevertheless, taking into account
the important production of Plutonium (250 kg/GWe/year in a PWR)
and the
rather slow development of LMFBRs, it seems natural to try to find uses for
t h i s e l e m e n t in t h e r m a l reactors w i t h U r a n i u m or w i t h Thorium /8/. In
addition this recycling may be considered as an attractive storage before
use in L M F B R s /9/ ; the q u a l i t y of the P l u t o n i u m , w i t h regard to the FBRs
is in fact only very little affected by the recycling /10/.

Reactor characteristics

The PWR considered for our studies is the 920 MWe Bugey 2 reactor. In
order to introduce no other problems than the use of Thorium, we have not
modified the assemblies characteristics.
The reactor contains 157 17 x 17 fuel rod a s s e m b l i e s . The i n i t i a l
enrichments for the three zones are respectively : 2.1%
; 2.6X ; 3.1X.

Physical characteristics of the PuOg - ThOj lattice

The moderator ratio optimum for a Th(>2 - PuO? lattice,
(PuO? + Th02^ ratio equal to 7.27X (this concentration
e q u i l i b r i u m , the same cycle length to be obtained as w i t h
Uranium cycle), is approximately equal to 8 (Figure 1) instead
Uranium fuel. The spectrum is particularly hard (Figure 2).

The fact of keeping the 1.92
important Plutonium concentration.

with a PuO?/
allows, at
the standard
of 4 for the

standard moderator ratio leads to an

The changes in heavy nuclides concentrations as a function of the
burn-up is given on figure 3.
Use of Th(>2 - Pug a s s e m b l i e s in the reloadings of a Uraniua core at the
equi libriua

If we try to put ThU2 - PuO£ assemblies in the reloadings of a
reactor w h i c h is at e q u i l i b r i u m (in the standard Uranium cycle), as w i t h
the c o n v e n t i o n a l P l u t o n i u m r e c y c l e for instance, important difficulties
appear.
An acceptable pin power peak has not been obtained during the
transitory cycles between the Uranium loaded core and Pu - Th loaded core.
It is due to strong absorption differences beetween UO? assemblies and ThO^
- PuOp assemblies. The use of assemblies divided into three zones (4% of Pu
in the outer zone, 6X of Pu in the i n t e r m e d i a t e zone and 9X of Pu in the
central zone) is not sufficient to obtain an acceptable value for the pin
power peak.
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Fig 2 Energy distribution of neutrons in the Th Oj-PuOj lattice
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Changes of Pu.U.Pa concentrations in a Th 0,-PuOj lattice

Other solutions might be studied, for instance :
- s m a l l e r Pu concentrations g i v i n g sthorter cycle lengths (but we
want in this study to keep the standard 10.6 GWD/T value)

- use of burnable poisons

- etc...
We have prefered to consider an absolutely different solution : the
Th02 - PuOp assemblies w i l l be introduced into the whole reactor from the
first loading.
Use of

- Pu(>2 assemblies fro« the first core Loading

When the reactor is e n t i r e l y loaded w i t h Th02 ~ Pu(>2 assemblies,
absorption transitory (therefore neutron spectrum transitory) at the bottom
of assemblies are of course eliminated.

In these conditions it has been possible to find a non-standard core
loading map, w i t h rings configuration (Figure 4), w i t h only very s i m p l e
assemblies (they are not divided into several zones). Furthermore, it has
been shown, in the d e t a i l l e d study, that the use of burnable poisons (as
with Uranium cycle) was not necessary.
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•NX

i
\N

Pu concentrotion 436%

Pu conctntrotion 5 20%

Fig 4 T h O j - P u O j tint cor'« loading

Pu concentration 727%

On figure 5 are represented the three assembly types multiplication
factor changes as a function of burn-up and the equilibrium core loading
map is given on figure 6.
For the equilibrium core :
The Boron efficiency is equal to - 3.13 pcm/ppm (BOL) and - 3.70 pcm/ppm
(EOL).

The Doppler coefficient is equal to - 4.45 pcm/°C (BOD and - 3.54 pcm/'C
(EOL).

The «oderator temperature
- 53 pcm/°C (EOL).

coefficient

is equal to - 36 pcm/°C (BOL) and

The delayed neutron proportion is equal to 330 pcm.

The prompt neutron generation time is equal to 0.44 10~^ s.
The 48 control rods are sufficient to assure the a n t i r e a c t i v i t y
margins (2580 pcm at the beginning of cycle and 2850 pcm at the end).
The different heavy nuclide masses for the f i r s t core and for the
core at the equilibrium are given respectively in tables 1 and 2.
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Fig 5 Infinite multiplication factor of Th 0,-Pu 0, loltices(4.36% ;5.20% ;727 %)
as a function of burn-up
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Fig 6 ThOj- PuC^ cort loading
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(first cycle)

TABLE 1 : FIRST Pu02 - Th02 CORE INVENTORY (kg)

Zone 1
4.36X
53 ass.

Zone 2
5.2X
52 ass.

Zone 3
7.27X
52 ass.

TOTAL

Th 232

21,963

21,098

20,640

63,431

Pu 238

10

11

16

37

Pu 239

571

669

935

Pu 240

218

255

357

830

Pu 241

136

159

223

518

Pu 242

53

63

87

203

Fissile Pu

707

828

Total Pu

988

ISOTOPES

TOTAL

22,681

2,175

1,158

2,693

1,157

1,618

3,763

22,255

22,258

67,194

TH02 - U233O2 ASSEMBLIES LOADED CORE

The Th0 2 - Pu0 2 r e a c t o r s , d e s c r i b e d in the p r e c e d e n t paragraph,
•
300 kg of U r a n i u m by QVs and by y e a r .
produce, at the e q u••i l ••
i b r i•u m , about
The Uranium composition is
U233
U234
U235
Other isotopes

: 92.14%
: 6.50%
: 1.06X
: 0.30X.

This type of Uranium w i l l be represented by U 1 . U ' 0 2 - Th0 2
a s s e m b l i e s are now loaded in the surrounding zone of a Bugey-2 type
r e a c t o r , supposed to be at the e q u i l i b r i u m in the c o n v e n t i o n a l U r a n i u m
c y c l e . It is i m p o r t a n t to know how would such s t a n d a r d r e a c t o r s w o u l d
o p e r a t e w i t h U T 02 - Th0 2 f u e l s b e c a u s e t h e y m i g h t be used during the
t r a n s i t o r y period before starting specially adapted Thorium cycle reactors.
It w o u l d be the s a m e for the Th0 2 - Pu02 f u e l r e a c t o r s : a b e t t e r
conversion would be probably found by moderator ratio modifications.
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TABLE 2 : Th02 ~ Pu02 CORE INVENTORY (kg) AT EQUILIBRIUM

! LOADED
! ASSEMBLIES
!
BOL
i
i
Th 232
! 20,640
i
i
Pa 233
1
i
U 233
!
i
i
Pa 233 + U 233 !
i
U 232
!
i
U 234
!
i
U 235
!
ISOTOPES

Total U
Pu 238
Pu 239
Pu 240
Pu 241
Pu 242
Fissile Pu
Total Pu
Am 241

Cm 242
Am 243
Cm 244

TOTAL

52

DISCHARGED
ASSEMBLIES
EOL

X

92.73

20,260

94.10

- 380

20

0.09

+ 20

238

1.11

+ 238

257

1.20

+ 257

1.3

!
i
!

!
i
;
i

i

!

!
i
!
i
!

+

1.3 !
i
+ 19 !
i
+ 3 !
i
;
+ 280 !
i
;
j
i
- 651 !

0.09

3

0.01

280

1.30

16

16

0.07

935

284

1.32

357

300

1.39

223

209

0.97

- H

87

119

0.55

+ 32

- 57

!
i
!
!
!
i

1,158

5.20

493

2.29

- 665 !

1,618

7.27

928

4.30

- 690 !
j

i
!
i
!
i
!
!
i
i
!
i

60 ppm

BALANCE

19

i
!
!
i
!
i
!
i
!
i
!

1

X

i
i

12

3
0.3
34

100

21,528

!
j
i
i
i

11
22,258

+ 60

100

- 730 !
j

Th(>2 - U Og cell physical characteristics
On f i g u r e 7 arc
moderator

ratio

of

r e p r e s e n t e d the

the

3.45%

changes, as a f u n c t i o n of

UT m u l t i p l i c a t i o n

factor

(this

the
3.45X

proportion allows the same cycle length to be obtained at equilibrium, as
for the standard Uranium c y c l e ) .

On f i g u r e 8 is r e p r e s e n t e d , as a f u n c t i o n of irradiation, the
3.45X U T m u l t i p l i c a t i o n f a c t o r , in c o m p a r i s i o n w i t h 3.1X U235 c e l l and
7.27X Pu Pu0 2 - Th0 2 c e l l ; on f i g u r e 9 are given the Uranium i s o t o p e
concentration changes.
The e q u i l i b r i u m c o r e loading map, w h i c h is very s i m i l a r to the
loading map of a standard reactor, is given on figure 10.

Multiplication Factor k*

.Boren concentration
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Fig 7 Multiplication factor of the ThO,-UT0, lattice (345%) as o
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For the core, at equilibrium :

The Boron e f f i c i e n c y is equal to - 7.53 p c m / p p m (BOD and - 9.76 p c m / p p m
(EOL).
The Doppler c o e f f i c i e n t is equal to - 2.9 p c m / ° C (BOL) and - 2.63 p c m / ° C
(EOL).
The moderator temperature
- 8 p c m / ° C (EOL).

c o e f f i c i e n t is

equal to + 15 pcm/'C (BOL) and

The delayed neutrons proportion is equal to 315 pcm.

The prompt neutron generation time is equal to 1.5 10"-* s.
The 4 8 c o n t r o l rods a r e s u f f i c i e n t t o a s s u r e t h e a n t i r e a c t i v i t y
margins (6580 pcm at the begining of c y c l e and 6900 pcm at the end).

Reactor inventory

The core inventory is given in table 3.
A very important conversion improvement may be obtained by using the
Spectrum Shift Technique. In this case, the positive moderator temperature
c o e f f i c i e n t at the beginning of the c y c l e is e l i m i n a t e d and the mean
conversion ratio reaches 0.87 instead of 0.64 w i t h a light water moderator
(figure 11).

55

TABLE 3 : UT02 - Th02 CORE INNVENTORY (kg), AT EQUILIBRIUM
LOADED
ASSEMBLIES
BOL

ISOTOPES

Th 232

21,486

. , _. ———

1

X

96.55

20.890

97.23

Pa 233

31

2.08
U 233

706

3.18

415

Pa 233 4 U 233

706

3.18

446

U 232

3.1.

U 234

51.5

0.24

116

U 235

7

0.3

25

U236

0.3

Total U

768

TOTAL

22,254

' i" -•— ' ——

%

DISCHARGED
ASSEMBLIES
HOL

0.014

2.08

4.5

100

;
!
!
!
i
!

84 10~6 !
i
0.54 !
i
0.12 !
i
0.02 !

1.8

3.45

! BALANCE
i
i
i
!
- 596

593

2.76

21,482

100

!
i
I
!
i

4 31

- 291
- 260

-

1.3

+ 64.5
4 18
4

4.2

- 175
- 768

conversion factor
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n

ThO,-U T Oj(SSCR)conv«rsion factor as a fuoctionof burn-up forth» first thr«» cycl«*

CONCLUSION

The solution proposed to start the th-U233 cycle in unmodified PWRs
consists of loading the whole reactor with Th-Pu assemblies from the first
core and no longer using the standard cherkerboard loading ; the three
assembly types (3 Pu concentrations) are loaded in rings.
The U233 being obtained, its best use is in Spectrum Shift Control
Reactor (SSCR). This system gives simultaneously an acceptable moderator
coefficient and a good conversion factor.
The Th-l)233 in unmodified PWRs does not give large improvements with
regard to uranium consumption (comparated to conventionnal plutonium and
uranium recycle). Its m a i n objective is to open the way of the thoriun
cycle in reactors ; the "royal way" being probatly the Molten Salt
Reactors.
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THORIUM UTILIZATION IN SOLVING
THE NUCLEAR POWER FUEL PROBLEM
I.S. SLESAREV, A.G.
MOROZOV, D.F.
TSURIKOV
I.V. Kurchatov Institute of Atomic Energy,
Moscow, Union of Soviet Socialist Repulbics
Abstract

The future large nuclear energy appears to be a many-branched industry. Creation of such an industry and dimensions of
its beneficial influence on the development of industrial production depends to a great extent on the capability to generate
relatively low-priced fuel on the basis of commercial nuclear

breeding. So far no universal approach has been available for
aolving the nuclear fuel problem, though some realistic and ef-

fective ways to case its ocuteness have been developed. The most

radical means for solving the fuel problem is application of
fast breeder reactors in combination with improved fuel utilization characteristics of the thermal reactors. Among the ways re-

alizing the improved fuel balance in the thermal reactors emphasis should be placed on use of the Uranium-233 - Thorium cycle.

The available estimates of fuel utilization by the thermal reactors on U/Th

cycle are indicative of its attractiveness. The pa-

per considers a method for Uranium buildup in the blankets of
current fast reactors, required for transition to the ïïranium-

233 - Thorium cycle in the thermal systems. It is shown that
thorium utilization contributes noticeably to the nuclear fuel
resources. Combination of the Uranium-Plutonium and Thorium
cycles ensures long-term fuel supply, makes the nuclear energy

production more flexible and,

at realistic requirements to the

level of fast reactor breeding, enables the self-provision

regime to be realized in future.
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Successful development of the world nuclear power produc-

tion (NT) and, primarily, nuclear electrical energy production,

is probing its capability to contribute essentially to the

overall energy production system. The developed nuclear energy
production opens a wide possibility of using the nuclear energy

in various technological processes, in heat production for
industrial and district heating.
The future large NP is thought as a many-branched industry
and its creation depends on the capabilities of providing it

with relatively inexpensive fuel first with Uranium-235 and then
with recycled fuel, plutonium and Uranium-233 on the basis of

commercial breeding. Taking into account the scale of energy

requirement, the organization of fuel breeding is an indispensable condition, though at the current stage of NP development
when the Uranium-235 resources are still large and the overall

energy production by existing nuclear power stations is relatively low, the role of breeding is unjustifably underestimated.

It may be expected that deficiency of natural uranium resources would become noticeable in the NP economy by the end
of this and beginning of the next century. By that time the

measures for sharp reduction of natural uranium utilization will
have to be developed and their realization begun.
By present some real methods for easing the NP fuel problem

have been worked out. One of them is connected with improvement
of the fuel cycle of the thermal reactors and reprocessing of
spent fuel enabling the natural uranium requirement to be redu-

ced by 20-30$ (see Table 1). An additional and very essential
benefit may be got from the measures directed to increase
the breeding ratio in the thermal reactors by use of dense fuel
(e.g. uranium suicides), dense fuel lattices (APWR-type reactors) etc. However, the radical solution of the NP fuel prob60

Table I. Specific natural uranium utilization
in loading feeding and separative works E
for the WER-1000 reactors with uranium-233 and
235 (direct replacement)

VYER-1 OOO
open cycle

W3R-1000
closed cycle

WER-1000
U-233-Th

g

kg/MÏÏ(e)

460

250

110

q

kg/MW

230

140

60

E

kg/MW

250

180

100

E

kg/MW. y ear

140

100

50

g

q

lern lies in breeding, the fast reactors operating on the uranium-plutonium cycle being the most available breeding scheme.
The requirements to be imposed on the breeder reactors will
change in the course of the NP development. At present, when the
nuclear fuel is still relatively inexpensive, the main efforts
must be directed to restrain the rate of the energy production
cost. Today the problem of maximum excess fuel production is not
still acute, but of great importance are the non-fuel cost components such as investment (capital) costs. In the future the

efforst will inevitably shift to improvement of the breeding gain.
The recent studies of the methods for improving the fast
sodium reactor breeding, including development of the heteroge-

neous oxide metalic core concept, have revealed a real possibility for increasing the breeding ratio up to 1.55-1*6 /2/.
However even at so high characteristics the self-provision fuel

cycle may be only realized when the fast reactor fraction in

HP were significant, no lower than 60$. ?or the many-component
energy production structure the requirement for such a high
fast reactor fraction may prove to be too stringent.
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The fuel problem might be helped by use of the uraniumplutonium cycle in combination with the uranium-thorium mode,
which allows a significant reduction in fuel requirement for
the thermal reactors feeding. Here important is not utilization
of thorium as fuel but the better nuclear and physical charac-

teristics of uranium-233 in the thermal reactor spectrum. As a

result the net production of secondary fuel determined by the
breeding gain (BG) increases from - 0.5-0.6 to - 0.2 - 0.3 in
the light water reactors with the oxide uranium-thorium fuel
at high burnups, though the fast neutron fission fraction reduces sharply because of the low thorium fission cross section.
Transition to dense fuel (e.g., metallic thorium) is less

effective than in the case of the uranium fuel. However at re-

latively low burnups this transition may permit the fuel requi-

rement for fuel feeding

to be practically eliminated (Table 2).

Table 2. Characteristics of thermal reactors
with U-235-Th cycle (fuel delay time-3 years)

Natural uranium requirement Separative work requirement
loading
feeding
3
loading
feeding
t /GW(e) 10~ t/GV/(e)JO~3
WER

0.6

0.25

0.6

0.25

RBMK

1.2

0.35

1.2

0.36

HIGH

0.4

0.17

0.35

0.13

Even greater effect is reached when the thorium fuel cycle
is used in the high-temperature thermal reactors (HTGR) prima-

rily designed for technological purposes /3/. For example, in
the linear development of two-component energy production struc-
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ture involving advanced faat sodium reactors and HTGRs with uranium-233 and with the capabilities increased at a rate of 20-30
GW(e) per year, the fuel self-provision is reached after the

amount of uranium-235 contained in 2-2.5 mln tons of natural

uranium and about 0.2 mln tons of thorium at a maximum thorium
4.
output not exceeding 10 tons per year have been spent.
Introduction of the uranium-thorium fuel cycle for the
thermal reactors is associated with a number of complicated pro-

blems which are to be solved:
- the thorium-uranium reactors use a highly-enriched
uranium for startup and increased amounts of uranium and large
quantity of separative work at the first operation stage while
the rejection of the reactor feeding leads to reduction of fuel

burnup and to growth of fuel reprocessing.
If a part of the thermal reactors are used in the uranium_
233 production mode for the rest of the reactors, then in the
exponential growth of the NT capabilities at doubling times

of 20 and 15 years the natural uranium requirement over 30 years
will not exeeed 1—2 mln tons and 2-3 mln tons, respectively.

Thus NP development on the basis of the thermal reactors operating on

235
J

U- Th and

233

-'-'U-Th cycles leads to noticeable reduc-

tion of the natural uranium requirement as compared to the open
uranium cycle though these requirements remain still very high.
However use of this cycle makes it impossible to organize the
self-provision mode and this is its major disadvantage,
- commercialization of remote reprocessing of the uraniumthorium fuel at a sufficient burnup is required.
The current state of the reactor and fuel cycle facility

development as well as the fuel problem timing suggest the following logics in the development and combining of the uraniumplutonium and uranium-thorium cycles for NP.
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The NP development began with the thermal uranium-fuelled
reactors. Transition to the uranium-plutonium closed cycle, development of spent fuel regeneration, plutonium accumulation

paves the way for rapid inroduction of fast reactors which
are to be the basis of future nuclear fuel breeding. The acuteness of the NP fuel problem can be then eased additionally by

transition of the thermal reactors to utilization of the uranium233 accumulated in the fast breeder reactor blankets. This way of

uranium-233 production is beneficial for the following reasons:
- the above mentioned problem of enhanced uranium-235 expanses for initial buildup of uranium-233 in the thermal reactors

is eliminated;
- uranium-233 losses because of parasitic radiation capture
by protactinium-233 are minimized;

- remote technology of reprocessing and fabrication of the

uranium-thorium fuel, developed for uranium-plutonium cycle can
be extensively used. Investigations shows general similarity of

technological processes for both types of fuel.
The current assessments of uranium-233 buildup in the thorium blankets of advanced fast sodium reactors with improved
breeding (heterogeneous reactor core concept) indicate that replacement of uranium-233 with thorium in the sodium breeder reactor blankets enables uranium-233 to be produced in amounts sligh-

tly (by 5%} lesser than the plutonium output in the uranium blankets. Replacement of the uranium blankets with thorium ones slightly affects also the core physical characteristics: the inner bre-

eding ratio decreases by 1-2$, and the specific fuel load increases by about 1-2%.

Use of thorium in the blanket, the region of lower neutron
flux, permits hazardous effect of protactinium on the neutron

balance and reactor control to be reduced. The effect of the pro64

tactinium poisoning in the fast reactor blankets is by an order
of magnitude lower than in the thermal reactor ones.
Prom the joint of view of effective introduction of thorium
to NP, of interest are also fast reactors with mixed fuel cycle.

The main fissile nuclides in this cycle are uranium-233, uraninium-235 and in the blankets-thorium. The sodium fast reactors
with mixed fuel have the following advantages:

- smaller initial loading in comparison to the plutonium
reactor and breeder reactor on U-233-Th;

- integrated breeding ratio close to the plutonium one and
noticeably higher than that for the uranium-233-thorium fuel;

- better sodium void reactivity effect with the uranium-233

fuel located in the central part of the core and plutonium - in
the periphery, the power distribution profile noticeably stabi-

lized, the specific fuel load and the doubling time reduce.
The analysis of the HP fuel cycles reveals that use of
thorium contributes appreciably to the NP fuel resources. Combi-

nation of the uranium-plutonium and uranium-thorium cycles ensures long-term fuel supply with moderate amount of thorium mi n-ing,

makes NP more flexible, eases the fuel problem significantly
and for long time, with real requirements to breeding in the fast
reactors and balanced structure of NP, enables the fuel self-

provision mode to be realized. Introduction of thorium to nuclear energy production is most beneficial through uranium-233
production in the breeder-reactor blankets after technology of
the closed uranium-plutonium fuel cycle is mastered.
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BASIC RESEARCH ON UTILIZATION
OF THORIUM-BASED NUCLEAR FUEL

J.H. ZHANG, B.R. BAO, Y.X. XIA,
G.Q. WANG, J.B. ZHU
Shanghai Institute of Nuclear Research,
Academia Sinica,
Shanghai, China
Abstract

The dependences of build-up of U-233, U-232, Pa-233 and
fission products on integral neutron flux for ThO^ samples
irradiated in high flux ETR at constant neutron flux
and steady spectrum have been investigated. From these
experiments, we have accumulated experiences on further
research for the behaviours of the irradited ThO» under
different irradiation conditions in reactor.

1)Introduction
It has been well known that thorium is not a nuclear
fission fuel, but it could be transformed into U-233f
an actual fission fuel with good nuclear properties,
by capturing a slow neutron. Before thorium-based nuclear
fuel could be used in reator, a full understanding of
the build-up of related nuclides in reactor (mainly
U-233, U-232, Pa-233 and fission products) is very
important. In order to clarify the characteristics
of the build-up of these nuclides in reator, we have
initiated a program to study the accumulations of
U-233, U-232, Pa-233 and fission products in Th02 in
different irradiation conditions, including different
integral thermal neutron fluxs and diffenrent neutron
spectra in reactor. In this work, the dependences of
build-up of U-233, U-232, Pa-233 and fission products
on integral thermal neutron fluxs for ThO-, samples
in high flux ETR at constant neutron spectrum have
been investigated.
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2) Experimental
Nuclear reactor
Irradiation was carried out in high flux ETR in Southwest
China. The reactor has thermal power of 125 MW. Maximum thermal
neutron flux is 6.2ÜO ^n/cm .s and fast neutron flux is
5.7.10llfn/cm2*s. It was built in 1981.
Target preparations and irradiation conditions
ThOp(50mg) was pressed into discal tablet of /+ mm.diameter
and loaded it into a container. Then all containers were
put into irradiation tube.(figure1) Six samples were placed
in two irradiation tubes.(figure2) Two tubes were put in
Be-reflecting layer. Mean thermal neutron flux was 2x10 ^
n/cm ,B. in this area. Six samples could receive different
thermal neutron flux, because thermal neutron flux distribution
from the bottom to the top were not uniform as we could
see in fig.3«(maximum non-homogenuous distribution coefficient
was 1.1+) 0. T and Q., were irradiated by one and three runs
respectively. We supposed that fast/thermal neutron flux
ratio was 1.03 for two irradiation tubes. Integral thermal
PO
PI
P
neutron fluxs were 2x10
to 2x10 n/cm .

cutting mark

Th02 tablet

Fig.1.

Irradiation container

1. External cylinder. 2. cap of external cylinder.
3. Cap of internal cylinder, k- INternal cylinder.
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top

Q 13

Qi<t
bottom

Fig. 2.

0

Irradiation positions of samples in reator.

200-

1+00

600

800

1000

mm,distance from bottom
Fig.3

Axial distribution of neutron flux in reator.
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Radiochemical separation and determinations
A f t e r irradiation and "cooling", ThOp samples were dissoled
into HC1 solutions, from which yields of Pa-233 and fission
products could be determind by G e ( L i ) r detector. Then the
solution was adjusted into 8N HC1 and feeded on an anion
exchanger ZerolitFF(Cl form,50-60 m e s h ) . A f t e r eluting out
Th, Pa-233 and fission products from the column, U was
eluted by 0.05 HNCU. U-232/U-233 ratio was determined by
ot-spectrometry and total U amount was determined by Asenazo
-3 photospectrometric method in U solution.

3) Results and discussions
THe results could be seen in table land also by fig.4,5,
and 6. From fig.4 it shows that U-233 yields increase with
increases of integral thermal neutron fluxs. U-233 in thorium
could reach 1.5% when integral thermal neutron flux reachs
21
2
2x10 n/cm . According to theoretical calcalution, U-233
could reach a saturation value at about 2x10 n/cm * °
we are planing to work at higher integral thermal neutron
fluxs to see if U-233 reach a saturation.

Table 1. Correlations between U-233, U-232/U-233, Pa-233
Cs-137, Zr-95 and integral thermal n e u t r o n fluxs.

1

2

3

4

5

6

1 .500

1 .4-76

1 .499

1.491

U 466

1. *81

4 .543

5 .040

12.35

15.91

17 .59

3 .409

4 .771

6 .156

15.81

17.83

21 .99

2 .33

3 .23

4 .10

10.6

12.0

14 .8

U,/233u 10-5
233ft i 1017 atoms

2 .0

1 .7

2 .2

2 .450

3.284

1J

4 .066
0 .3367

sanple
232 Tb. 1020 ator.s
10

neutron/ 3 .499

en
233U 1017 atoms
2?5

Uy'252Th 10~3

252

7C<3 10 ^ atoms

^1r 10

atoms

8.6

7.5

10 .0

4 .215

5.878

6.998

7.672

6 .522

1 1.77

173.9

295.6

41 6.4

0 .5316

0 .9554

11.27

17.82

25 .27

All data vere extrapolated to the end of irradiation
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From fig.5» U-232/U-233 ratios increase with increases of
integral thermal neutron flux as we anticipited, but linear
correlation was not so good. We thought it is because of
comlex neutron spectra in reactor. For oiife tube, fast/
thermal neutron flux ratio was not the same from the bottom
to the top as we supposed. Generally speaking, U-232/U-233
ratios increase when fast/thermal neutron ratios increase.
Research on correlation between U-233»U-232/U-233 and
different fast/thermal neutron ratios is in progress.
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Correlations between Pa-233, Zr-95, Cs-137 and £
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It is necessary to do some tests in small reactor before
we use thorium-based nuclear fuel in large reactor. So a
zero power reactor(3$ enriched UO- as fuel, light water
as moderator) in our institute will be partly loaded with
ThOp fuel rods instead of UOp fuel rods to observe the
influence on reactor performances.
There are still a lot of work on basic research about the
utilization of thorium-based fuel left to be done. We should
be continuing our work in this area and accumulate necessary
experimental data. Thereby, thorium will put into large scale
use in near future and play an appropriate role in nuclear
power development.
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THORIUM OXIDE BLANKET FABRICATION
FOR INDIAN FAST BREEDER TEST REACTOR
P. BALAKRISHNA, B.P. VARMA, R. RAJENDRAN,
K. BALARAMAMOORTHY

Department of Atomic Energy,
Nuclear Fuel Complex,
Hyderabad, India
Abstract

For

fertile

an effective

utilisation of Thorium in FBRs, use of

blanket of thorium oxide/thorium

mast be considered.

Development of a reliable and economic fabrication technique
of this fertile material, thus is an important step in the ultimate
goal of utilization of thorium in FBRs.
Fabrication

and supply

of

blanket

assemblies containing

thorium oxide pellets to the requisite quality, for full core of
Indian Fast Breeder Test Reactor, is one of the important tasks
of Nuclear Fuel Complex at Hyderabad, a unit of the Department
of Atomic Energy.

Starting with ThO„-powder obtained by oxalate precipitation
and calcination, green pellets are produced through powder metallurgical route. In order to achieve sintered densities more than 94%
T.D., addition of M g in small quantities, during oxalate precipitation
stage, have been found quite effective.

The effect of compacting pressure, green density and sintering temperature on final sintered density of peüets and percentage
of shrinkage have been studied to arrive at the optimum fabrication
parameters, to yield high density in pellets requiring minimum
amount of grinding.
The

compactability

and sinterabuity characteristics seem

to be affected by long storage of powder. Ball milling of powder
before pre-compaction and granulation almost restore the original
characteristics of the powder.

of

The paper deals with the Indian experience on fabrication
thoria pellets for the Fast Breeder Test Reactor, with some
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emphasis on the work carried out for standardization of the parameters, quality characteristics of the pellets and on blanket assemblies made.

Performance test of these assemblies under actual operating
conditions of FBTR, followed by reprocessing studies, will be
of great value for the Indian programme of utilization of thorium
in the envisaged FBR's.

L INTRODUCTION

With continued increasing demand on uranium and
its known limited reserves, there is a growing realization
for the need to utilise thorium to broaden the resource
base of supply of fissionable materials.
Various concepts including LWRs, Canadian PHWRs,
FBRs, and symbiotic reactor systems like HTR-FBR have
been studied [1] [2] [3] for utilisation of thorium.
For India

which

has rather

limited known reserves

of uranium and a vast reserve of thorium, its special interest
in utilization of thorium in its reactors is obvious.
Studies elsewhere [4] as well as our own [5] have shown
that thorium in radial blanket region of FBRs has only marginal neutron economic penalty compared to complete uranium
cycles. With this in view, it was decided to fabricate assemblies containing high density thoria pellets for the entire
radial blanket region of Fast Breeder Test Reactor (FBTR),
which has been commissioned in October, 1985.
The initial development work on preparation and characterization of thoria powder to yield high sintered density
was carried out at Bhabha Atomic Research Centre (BARC)
[6]. Emphasis, however, was laid on optimization of fabrication
parameters only during fabrication of radial blanket assemblies,
at Nuclear Fuel Complex.
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This paper presents the experiences gained in thoria
powder and peHet production, optimization of certain fabrication parameters, assembly fabrication and quality control
aspects.
2.0

Radial Blanket Assembly:
FBTR

has a thick blanket and has 342 positions in

its core for radial blanket assemblies. The assembly consists
of a 'foot'

section, a cluster of seven elements containing

thoria pellets with gas plenum at the top, a hexagonal tube
enveloping

the element cluster, and a lifting

elements are wrapped

head.

The

with spacer wire and the ends are

closed with end-plugs.

The 'foot'

section and the lifting

'head' are welded to the hexagonal tube.

Fig.l shows an

element and the finished assembly.

HEAD

TOP-

END PLUG

49 8

iïl
PLENUMTUBE

Th02—
5ECTION-AA

——— B L A N K E T
ELEMENTS

PELLETS

49-8

RAILS

SECTiON-BB

SPACERWIRE
-FOOT

BOTTOM
END PLUG

RADIAL
BLANKET

ELEMENT

Fig. 1 - Blanket Assembly.
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The saZient features of a radial blanket assembly are
summarised below:

Overall length of assembly
No. of elements/assembly
Approx.weight of fertile
material/assembly
Density of thoria pellets
Dia of spacer wire
A/F dim.of SS Hex.tube
OD &. ID of SS clad tube

1661.5 mm
7
12.5 Kg.
94% T.D.

0.7 mm
49.8 mm
16.5

&

1 5.5

mm

3.0

Fabrication of High Density Thoria Pellets:

3.1

The Process: Fig. 2 shows schematically the thoria pellet
fabrication process.
RECEIPT OF POWDER

INSPECTION OF
A S - R E C E I V E D POWDER

BALL-MILLING
FOR 4 hrs

PRE-COMPACTION
AT 100-120 MPa

GRANULATION
TO - U MESH

FINAL COMPACTION
AT 90-120 MPa

SINTERING AT
1600* C FOR 4 hrs

CENTRELESS GRINDING
TO SIZE

INSPECTION

FINISHED
Th02 P E L L E T S

Fig.2
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ThQ peHet fabrication process flow-sheet.

3.1.1 Starting Powder: Thoria powder is supplied by M/s. Indian
Rare Earths Ltd, a Public Sector Undertaking in Department
of Atomic Energy. The powder is obtained by calcination
of thorium oxalate, precipitated from pure thorium nitrate
solution. The bulk and tap densities of the starting powder
are respectively 0.9 to 1.2 g/cc and 1.5 to 1.9 g/cc. The
particle size is in the range of 0.8 to 1.5 microns.
A typical chemical analysis of thoria powder being
supplied, is given in Table I. The powders are accepted
o n the basis of a sinterability test.
Table I - Typical analysis: Values of elemental impurities
in Thorium Oxide.
ELEMENTAL
IMPURITIES
Al
B
Be
Cd
0.
Cu.
Co.
F«.
Mn
Pb
Sb
Sn
Mo

Pf.m.

fie» tha\)

ELEMENTAL
IMPURITIES

S

V

0.25
0.1
0.1
5
5
1
50
I
20
1
1
5

U
Zr
Ce

Dy
Eu
Er
Sn
S
9
Ça
Mg
Cd.

p.p.m.

flesj ttoij
0.2
1.0
30
4
0.2
O.OS
0.2
0.2
100
SO
30
300
0.08

3.1.2 Ball Milling:

Light ball milling the powder was introduced, when
it was observed that pellets produced from as received
powders, revealed unacceptable surface pits after grinding.
This was attributed to be due to formation of hard agglomerates in the powder which had been stored for a long
time. Ball milling the powder for 4 hours, resulted in considerable improvement in acceptability of the sintered and
ground pellets.
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3.1.3 Pré-compaction &. granulation:
The ball milled powder is then compacted into slugs
of 60 mm dia and 60 mm height, at a pressure of about
100 M Pa using a hydraulic press.
The slugs are granulated to minus 14 mesh size granules
which show considerable improvement in flowability of
the powder. Bulk and tap densities of granules are respectively
in the range of 3.5 to 3.6 and 4 to 4.4 gms/cc.
3.1.4 Final compaction:
T h e ' f i n a l compaction of flat end pellets is done using
a two hole die in a hydraulic press. A green density of
6.2 to 6.3 g/cc and a L/D ratio of 1.2 to 1.4 are maintained
in the green pellets. No binder is used during compaction.
The die wall and plungers are however lubricated with a
saturated solution of stearic acid in acetone, during each
compacting cycle.
3.1.5 Sintering:
Sintering of green pellets is carried out in a batch

type resistance furnace, under hydrogen atmosphere. The
temperature of the furnace is raised gradually to 1600°C
and the pellets are soaked at that temperature for 4 hours.
The charge is cooled under hydrogen atmosphere to a temperature of about 150°C, before the pellets are discharged
from the furnace.
3.1.6 Grinding:
In order to obtasin the finished size and perfect cylindrical shape, the pellets are centreless ground using silicon
carbide grinding wheel.
The sintered and ground thoria pellets are normally
light grey to pure white in colour. However, at times,
black patches on the surface appear.
Chemical analysis
and lattice parameter measurements carried out on samples

containing these coloured patches have confirmed
be thorium dioxide.
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3.2

Quality Control &. Inspection:

Quality control on as received powder and pellets
fabricated, include assuring chemical purity of starting
powder, powder morphology, dimensional and density requirements as per specifications and visual examination of finished
pellets. As regards cracks, pits, chips or other surface defects,
the same acceptance criteria as used for PHWR fuel pellets,
have been used for the present compaign of ThO2 pellet
fabrication.
This may be probably more stringent than
necessary, keeping in view the service conditions of blanket
assemblies. Perhaps, this could be relaxed with consequent
improvement in recovery, as the experience and confidence
builds up after use.
3.3

Optimisation of certain process parameters:

3.3.1

Choice of Powder Production Process:

The very early development work carried out at B ARC
[7] on thoria powders produced by different routes and their
sinter ability, had shown that powders produced from (a)
direct ignition of thorium nitrate (b) decomposition of thorium
hydroxide and (c) decomposition of thorium carbonate, had
coarse particle sizes, poor compactibility and sintered to
low densities. On the other hand, powder obtained by calcination of oxalate had fine particle size and sintered to comparatively higher densities.

During later development work, [6] it was found that
addition of small quantities of magnesium during oxalate
precipitation, further improved the sinterability of thoria
powder.
Thus

the

optimized

method

of

powder

preparation,

presently used, consists in
addition of magnesium sulphate
to a batch of oxalic acid.

in requisite quantity *

*The residual magnesium in powder produced is in
the range of 300-400 ppm.
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Continuous addition of pure thorium nitrate solution
to this oxalic acid, to co-precipitate thorium-magnesium
ojcalate.

calcination of oxalate at 900°C in air, to obtain sinterable
thoria powder.
3.3.2 Choice of Pre-compacting Pressure;

The powder produced by oxalate route has poor flowability.
Attempts to compact pellets directly from the powder

resulted in laminated compacts, apart from non-uniform
die f i l l . Hence pre-compaction and granulation of starting
powder was considered essential.
The pre-compaction pressure was observed to have
significant effect
on integrity of green pellets at final
compaction stage. Slugs compacted at a pressure of 90120 M Pa and granulated, yielded integral green pellets.
Granules from slugs compacted at lower pressures resulted
in broken or laminated pellets.
3.3.3 Choice of final compacting pressure:
The

final

compacting

pressure

was optimised

with

following objectives.
to have sufficient

green strength in the pellets to

withstand handling without chipping or breaking.
to obtain sintered density more than 94% theoretical.
to minimise variation in shrinkage after sintering which
would eliminate or minimise grinding of sintered pellets
to get the final dimensions.

With above requirements in view, pellets were compacted
at seven different
pressures and were sintered at 1600°C
for 4 hours under hydrogen atmosphere. The powder used
was from a single lot. The pellets were evaluated for green
and sintered densities, shrinkages and green strength. The
results are presented in Figs 3 &. 4. As may be seen from
the figures
green as well as sintered densities increased with
increase in compacting pressure.
variation of green density decreased as the pressure
increased.
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variation in sintered density (hence shrinkage) is comparative!); more at low or high pressures of compacting.

The same trends were observed, when pellets were
compacted using powders from randomly chosen different
lots, which can be considered to represent more closely
the actual conditions during production.

Again the pellets

were compacted at seven different pressures and sintered
at 1600°C for 4 hours under hydrogen atmosphere. Results
based on four different lots are presented in Fig.5. Pellets
compacted in the pressure range of 90-120 M Pa yielded
the most suitable end-product. Comparatively larger variations
in both green and sintered densities at lower pressures
and in sintered densities at higher pressures are evident.
Thus the above pressure range which normally results in
a green density of 6.2 to 6.3 g/cc is used for production
of thoria pellets.
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Fig.5 - Variation in green and sintered densities at constant
pressures based on different lots.
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3.3.4 Absorption of moisture:
Thoria powder is known to absorb moisture and carbondi-oxide from atmosphere.
Same trend was observed in
the case of sintered pellets. Pellets which were dried at
350°C for 2 hrs. and analysed for moisture content within
2 hrs. were found to contain moisture less than 1 cc at
ST P per 100 gm of thoria. This moisture content increased
with increasing time of exposure to atmosphere.
The method followed for moisture analysis consisted
in heating the pellets upto 800°C under vacuum and estimating
the moisture in the pellet.
4.0

Blanket Element and Assembly Fabrication:

The blanket element and assembly fabrication processes
are shown schematically in Figs. 6 &. 7.

4.1

Fabrication of Elements:

4.1.1 Washing, Drying &. Loading of Pellets:

Thoria pellets, ground to size and accepted for loading,
are washed with hot demineralised water and dried in a
drying oven for 2 hours at 350°C.

The dried pellets are stacked in lengths of 1000 ± 1 mm
and loaded into clad tubes, one end of which is closed by
welding bottom end plug to the tube. A gas plenum tube
is kept at the head of each stack before closing the top
end by welding top end-plug.
In order to prevent absorption of moisture from atmosphere by sintered pellets, the second end of clad tubes
is necessarily closed within 2 hrs. of drying.
4.1.2 Second-end plug welding:

The second end of the clad tube of 316 M Stainless
Steel is closed by welding the top plug to its open-end.
While the first end-piug welding is carried out by TIG process
with argon gas, the top plug is welded in an enclosed chamber
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Fig.6 - Blanket

element

fabrication
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flow-sheet.

Fig.7 - Blanket

assembly

fabrication

process flow-sheet.

Table H - End-plug welding parameter.
PARAMETER

WELD CURRENT
R.P.M.
TIME AT WELD
CURRENT
DOWN SLOPE TIME
ELECTRODE SIZE
ELECTRODE CAP
COVER GAS
GAS FLOW

BOTTOM PLUG

TOP PL UC

30A
4
35 Sees.

2SA

IS Sees.
1 mm
0.1 mm
Argon
7 {.p.m.

12 Sees.
1 mm
0.4 mm
Helium

6

12 Sees.

'

filled with helium for helium bonding the pellets to the
clad tube. The end-plug welding is carried out with an automatic welding cycle having provision for up-slope, downslope controls of welding current. No filler wire is used
during welding of either top or bottom plugs. The welding
parameters used for top &. bottom plug welding is given in
Table II.

4.1.3

Spacer Wire Wrapping:

4.2

Clad tubes, filled with thoria pellets and both ends
closed by end-plugs, are then wrapped with a 0.7 mm dia
S.S. wire on a helical piitch and spot welded to the clad
tube at every quarter turn. Spacer wire wrapping and spot
welding is done using a special fixture fabricated for this
purpose.
Assembly of Elements:

In a blanket assembly, the elements are held to the
'foot' by pin like rails which pass through the holes provided

in the foot and the bottom end-plug of an element.
For assembly, the 'foot' section is held vertically in
a fixture. Seven elements are assembled one by one over
the 'foot' with the help of rails. The elements, when assembled, assume a hexagonal geometry having across flat dimension equal to the inside across flat dimension of a hexagonal

tube which envelopes the cluster of element assembly.
To this hexagonal tube is already welded the 'head', the
upper section of the assembly, normally used for handling
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and lifting the assemblies in the core. Holding the elements
vertically in the fixture, the hexagonal tube with 'head'
\velded to it, is slid over the elements and over the 'foot]
till the step in the 'foot', meant for welding hexagonal
tube to'foot.'
4.3

Welding of Hexagonal tube to 'Foot1:
In order to meet the stringent requirements of straightness of finished assemblies, the welding is carried out in
another fixture.
In this special purpose fixture, the two
sections to be welded could be precisely aligned and held
tight to prevent distortion after welding. The bed of the
fixture, which holds the assembly can be swivelled in horizontal as well as vertical position.

The fiuxture bed is swivelled to vertical position and
tac welding of hexagonal tube to 'foot' is done. Next the
bed is swivelled to horizontal position and full face welding
is completed. No filler wire is used for welding. A similar
fixture and process is used for welding 'head' to hexagonal

tube.
Straightness of the finished assembly is measured
at the top end of 'head' at middle of the assembly and
at the lower end of the hexagonal tube, just above the
welding joint.
Occasionally, balance welding has to be done at the
'foot' side of the weld to improve Straightness.
4.4 Alcohol Washing;

Washing the finished assembly with alcohol is the final
step in fabrication of radial blanket assembly. After the
components have been degreased, all subsequent handling
is done under clean-room condition and with lint-free hand
gloves on. However, before the assemblies are packed and
despatched for reactor use, they are washed with alcohol.

Alcohol washing system is a closed circuit system.
It consists of a double walled chamber, a pump, a f i l t e r
and an alcohol storage tank. The assembly is lowered in
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the chamber and the lid is closed. Alcohol, when pumped,
enters the assembly through its 'foot1,

leaves through its

'head', flows over its outer surface and then to the annulus
of the double walled chamber. The level of alcohol rises
in the annulus and the chamber till the outlet which is provided
at a level little over the level of 'head' in the chamber.
The outlet from washing chamber is connected to alcohol
storage tank. The assembly is thus washed with circulating
alcohol for about ten minutes before it is removed and airdried.

5.0

Quality Control:
Strict quality control is exercised at every stage of
fabrication of assemblies. Starting with the clad tubes,
which are produced in one of the plants of the Nuclear
Fuel Complex, other components and semi-finished products
like elements are inspected to assure compliance with the
drawings and specifications.
The clad tube, besides meeting the mechanical properties
and metallurgical conditions as per requirement, are tested
by ultrasonic testing method for internal defects. The components, which make the assemblies are intricate in shape
and involve precision machining and inspection. Weld integrity
of welds besides qualification set-up welds and process
weld evaluation.

6.0

Conclusions:
Based on rather limited experience so far, certain
conclusions could be drawn as follows:
Well characterised thoria powders, produced via
oxalate route, are amenable to normal powder metallurgical methods of fabrication of shapes for reactor
use.

Defect free pellets with high green densities are
obtained at comparatively lower pressures, which
probably is indicative of good compactibility of
thoria powders.
Sinterable grade thoria powder is strongly sensitive
to the route by which it is obtained.
An economic and viable recycling method for rejected
sintered pellets as well as powder needs to be developed.
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A more realistic specification for acceptance/rejection
of pellets has to be evolved, taking into account
the actual service conditions in FBRs. This of course
probably takes some time till experience builds-up
in actual use of this material in FBR conditions.
7.0
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REPROCESSING AND REFABRICATION
OF THORIUM-BASED FUEL
E. ZIMMER, C. GANGULY
Institut für chemische Technologie der nuklearen Entsorgung,
Kernforschungsanlage Jülich GmbH,
Jülich, Federal Republic of Germany
Abstract

In the last decade extensive R&D has been
carried out at our institute on the thorium fuel
cycle, particularily on reprocessing and refabrication of High Temperature Reactor (HTR) fuel.

For reprocessing thorium-based spent fuel, the
dual cycle THOREX process has been thoroughly
investigated. The study demonstrates that there are
no significant differences between the two extraction modes with either acid or acid deficient feed
solution. The investigations have also shown that
the feed solution of the second extraction cycle
need not be acid deficient since the history of
zirconium does not play a role for its decontamination. For re-extraction, the original flow-sheet
has been changed such that the Th/U partition is
already achieved in the first cycle. The formation
of a crud produced by a Th(DBP) precipitate can
thus be avoided.

For refabrication of U-233 bearing HTR fuel
kernels, the EGT sol-gel process has been developed.
The process starts with a solution containing
Th(NO-) and U02(N03)2. The kernel production is
completed in a few steps and besides ammonia and
water no other chemicals are necessary. In conjunction with the chemical process, equipment for
continuous and remotely controlled operation was
developed, e.g. a particle transport system, a belt
drier, a sintering furnace, etc.
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On the basis of the EGT process a gel pallatization route for the production of (Th,U)0 pellets
has been developed. Two important changes were
necessary for the sol-gel process: the sol must
contain carbon black as well as Ca(NO )
The pores
remaining after burning off the carbon black improve
the compactability and provide for closed porosity
in the pellets whereas calcium improves the
sinterability. At a pressing load of 350 MPa and
a sintering temperature of 1773 K, pellets with a
density of 2 96 % TD and an excellent microstructure
can be produced.

Introduction
Uranium-233, bred in the thorium fuel cycle,
exhibits the highest neutron yield of all fissile
materials when used in reactors with a thermal
neutron spectrum. Because of this reason, considerable
work was conducted on this cycle in addition to that
on the uranium-plutonium cycle during the fifties
and sixties, when the technology was developed to
technical maturity. Significant efforts were made
in many countries to utilize thorium as a fertile
material. In contrast, the present interest in the
thorium fuel cycle is quite limited. This change is
attributed to several causes.
The use of thorium as a fertile material offers
the greatest advantages in heavy water moderated
reactors, where very high conversion ratios are
reached and even genuine breeding might be expected.
However, it is the light water reactor, not the heavy
water reactor, which has been commercially established
in the last two decades. In this system the thorium
cycle is much less attractive. Instead, this reactor
system uses the uranium-plutonium fuel cycle, as
does the sodium-cooled fast reactor.
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The use of thorium is also promising in a
second reactor system; that is, in the graphitemoderated high-temperature reactor. Using the thoriumuranium fuel cycle instead of the uranium-plutonium
cycle, reductions in uranium consumption of 60 % are
possible. To date, however, the expectations of
commercially introducing this reactor type have not
been fulfilled. This too has contributed to decreased
interest in the thorium fuel cycle. Development work
on the thorium fuel cycle was greatly impaired, moreover, by the INFCE results. The decision to abandon
the use of highly enriched uranium for nuclear energy
applications virtually rules out the thorium fuel
cycle, since economic utilization of thorium as a
fertile material requires the use of highly enriched
material. The resulting unavailability of highly
enriched uranium for the foreseeable future has led
to the decision in the Federal Republic of Germany
to abandon the use of thorium in future HTR's and
to rely on the uranium-plutonium fuel cycle instead.
Of course, this decision also greatly affected
experimental work on reprocessing and refabrication
of thorium based fuel at the Institute of Chemical

Technology of Kernforschungsanlage Julien.
All plans for the construction and operation
of a hot pilot plant for reprocessing thorium based

HTR fuel were deferred and only cold development of
the THOREX process was continued for several years.

On the other hand, R&D on refabrication of thorium
based HTR fuel was completely abandoned. However,
on the basis of our thoria sol-gel process for HTR
fuel production, a procedure for production of pellet
fuel for water cooled reactors was developed. This
gel-pelletization process should be particularly

suitable for recycling of thorium based fuel since
it is amenable to continuous and remote operation
and does not produce radioactive dusts.
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2.

Cold reprocessing studies

The commonly used solvent extraction procedure
for reprocessing spent thorium based nuclear fuel
is the THOREX process with its different variants.
Like the PUREX process, the THOREX process works in
a nitrate medium and uses a 30 % solution of tributyl
phosphate in an organic diluent such as dodecane for
extraction of the heavy metal nitrates into the
organic phase.
So far, distribution data for the system
Th(N03) :HN03/30 % TBP in a paraffinie diluent have
only been evaluated by SIDDALL who used ultrasene,
a mixture of paraffins [1]. However, these data
do not give all the information that is necessary,
e.g. for flowsheet development. Also computer
calculations of distribution data yield unsatisfactory results, at least in certain concentration
ranges [2].

Therefore, we have evaluated distribution data
for the systems Th(NO ) -HNO /30 % TBP in dodecane
and Th(NO ) :UO,(NO-) :HNO /30 % TBP in dodecane.
«3 *i
{+
J
fc
O
By means of these data a calculational model has
been derived which makes it possible to determine
data in the investigated range. A method is also
described for the evaluation of distribution data
at very low thorium concentrations [3,4].
2.2____§£udies_on_the_dual_cycle_THOREX_process
2.2.1

General remarks

The first THOREX process, which uses only HNOas a salting agent, was developed by ORNL [5]. The
process uses a feed solution of 1.1 M Th(NO ) , a
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special feature being an acid deficiency of about
- 0.15 £1. The scrub solution is 1 M HNO
The acid
deficiency is adjusted by steam stripping of the feed
solution. Fission product decontamination (particularly with respect to zirconium) is reported to
be improved due to the presence of hydrolyzed species
in the feed solution.
On the other hand, undesirable precipitates can
be encountered during feed adjustment from power
reactors. For this reason, a dual cycle THOREX process
was developed by Farbwerke Hoechst [6] as part of
the German project.
This process (FIG. 1) uses a 1 M HNO feed
solution in the first extraction cycle and a
0.1 M HNO scrub, thus avoiding hydrolytic precipitates during feed adjustment. After having separated
the main volume of fission products in the first
cycle, an acid deficient feed solution is used in
the second cycle to reach the desired decontamination
factors. In this cycle the scrub is 1 M HNO
*"*
>j

SOLVENT

30 °. TBP

R f

= 8

WASTE
0 F •> 22

SALTING ACID

FEED

13 M HNO

•= 1 MTh

SCRUB

ai l M HNOj«——
bl 0 M HNO,«— RF

FIG 1 ;

- » ( M M HNO3
-»• 1 M HNOj

1

General flow-sheet of the dual cycle THOREX

process
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Re-extraction of thorium and uranium is carriedout as co-stripping in the first cycle. In the
second cycle, separation of thorium and uranium is
accomplished by subsequent re-extraction.

Investigations of the extraction modes

2.2.2

As can be seen in FIG 1 , the two extraction
procedures of the dual cycle process differ very
much in their HNO supply via feed solution and scrub.
The low HNO concentration of the incoming scrub
solution in the THOREX process with acid feed solution

suggests that there is a substantially lower HNO^
concentration in the scrub section. The question
arises whether both flow sheets can be stable under
such different process configurations.
An analysis of the HNO- profile in mixer-settlers
and pulsed columns has provided the answer (FIG. 2).
The acidity is almost the same for both process
variants, only in some parts of the scrub and

SCRUB S E C T I O N

HN0 3
[ Moles/I ]

A C I D D E F I C I E N T FEED
-o

16

FIG 2;
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ACID FEED

1 STAGE

Acidity profiles in the dual cycle THOREX
process

extraction sections the HNO. concentration of the
variant with acid feed solution is somewhat higher.
Obviously, HNO is transported into the scrub section
via the organic phase.
Cold extraction runs with zirconium and Zr-95
as a tracer have revealed a slightly better zirconium
decontamination for the acid deficient variant
(DF = 80 instead of 40). This difference is only due
to the lower acidity in the scrub section, since
batchwise zirconium extraction experiments (again
with Zr-95 as a tracer) have demonstrated that the
history of the zirconium does not play a role.
Hydrolyzed Zr species produced during adjustment of
the acid deficiency are obviously converted within
minutes to the species present in a highly acidic
medium (£ 2 M HNO.,) as found under extraction
conditions.

2.2.3

Re-extraction studies

The original dual cycle THOREX process provides
a co-stripping in the first cycle.

Our investigations have shown that during costripping a process-perturbing crud formation occurs
in both mixer-settlers and pulse columns. Initially
the crud is formed in the vicinity of the inlet of
the aqueous phase by interaction with the unloaded
organic phase, i.e. in those places where the acid
concentration is lowest.
In-depth investigations have shown that a
precipitate of thorium with dibutyl phosphate (DBF)
is produced. The precipitate has exactly the formula
Th(DBP) . DBF is generated in the extraction step
by hydrolysis and radiolysis of TBP and then
transported to re-extraction via the organic phase.
At the low acidity necessary for co-stripping, DBF
is also re-extracted and precipitates with thorium.
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In cold experiments, the DBF concentration
formed by hydrolysis during the extraction process
was sufficient for the formation of the Th(DBP) crud.
The disturbances due to the crud could be avoided
in mixer-settlers by substantially reducing the flows
(while maintaining the flow ratios). This leads to
sufficiently long residence times in the settler
chambers for the emulsion to separate again. Hot tests
will have to show whether this measure will suffice
for high-burn-up fuel when much higher DBF concentrations are to be expected.
The formation of a crud can be avoided if the
strip solution has an acidity of £ 0.5 M HMD, because
""*
J
Th(DBP) does not precipitate at 2 0.7 M HNO
Since
partitioning but not co-stripping is possible at this
nitric acid concentration, Th and U should be already
separated after the first extraction. A modified
partitioning using 0.5 M HNO as stripping solution
yields a good Th/U separation and avoids crud
problems.

2.2.4

Recommended flow-sheet

For the reprocessing of high burn-up fuel from
power reactors an acid feed solution must always be
used in the first cycle. Our experiments have
demonstrated that an acid deficient feed solution
is not necessary for the second cycle. A modified
"acid" process with reduced HNO concentration in
the scrub section could provide the same decontamination factors as a process with acid deficient feed
solution.
However, when looking at the entire thorium fuel
cycle the question arises whether a dual cycle process
with high decontamination factors is required at all.
It is known that bred U-233 always contains up to
a few hundred ppm U-232, which has some very intensive
Y-emitting daughter radionuclides. During refabrication,
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U-233 can only be handled applying heavy y-

so that a gross fission product decontamination factor
of better than 10

is not necessary. The same applies

to reprocessed thorium which contains considerably
more Th-228 than its equilibrium value. Thorium, if
recycled immediately, must thus be processed in hot
cell facilities just as U-233.
These considerations lead to the proposal to
return to a single cycle THOREX process. An optimized
process with acid feed solution (£ 1 M HNO ) should
provide the required decontamination factors of up
to about 10 for both uranium and thorium.
Co-stripping should be avoided as a re-extraction
procedure since Th(DBP) precipitates and produces a
crud at the low acidity (S 0.1 M HNO ) necessary for
this step. Partitioning of uranium and thorium by a
separate re-extraction of thorium can be carried out
at an acidity (« 0.7 M HNO ) which reliably avoids

crud formation. Further decontamination of thorium
and uranium can then be accomplished in separate
steps.

3_.______Process for fabrication of ThO
fuel kernels

and (Th,U)0

3.1 __ _ Scop_e_of the process development
Dense ceramic ThO and (Th,U)0- microspheres of
a 0.5 mm dia.
are used in the fuel elements of High
Temperature Reactors (HTR). These particles are
produced by aqueous chemical processes, viz.
sol-gel
processes [7,8]. The EGT ( External Gelation of
Thorium) process of KFA has been especially developed

for the fabrication of fuel kernels from bred U-233
and irradiated thorium. It has already been mentioned
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above that U-233 always contains a few hundred ppm
of U-232 and its gamma-emitting daughters. The
irradiated thorium has an elevated Th-228 concentration,
Therefore, production amounts of these materials must
be handled in hot cells, even after decontamination
of the heavy metals by reprocessing. Thus, special
requirements have to be fulfilled for the refabrication in the thorium fuel cycle.
For kernel preparation the development must be
directed to simple processes yielding little waste,
Because of the necessity of remote operation and
maintenance, the number and complexity of process
steps should be minimized and equipment should be
kept simple. In view of these requirements, external
gelation processes seem to be the most suitable.
Common advantages of all external gelation processes
in use are the comparatively easy preparation and
stability of the broths, a fast gelation reaction
(which directly influences the production rate and
yield), and finally, the small amount of waste
produced.

The block diagram of the so-called EGT process
is shown in FIG. 3. The chemistry of thorium allows
the use of a sol-gel technique for kernel preparation.
The method of sol preparation is in principle similar
to that described for the SNAM process [9]. But in
contrast with the SNAM-process concentration of
0.5 - 0.7 mole/1, a heavy metal concentration of
2 moles/1 is used here. In addition, the degree of
pre-neutralization is not 70 - 80 % but 87.5 + 0.5 %.
This means that 87.5 + 0.5 % of the ammonia
stoichiometrically necessary for the complete
precipitation of Th(OH) is added. Since the resulting
'
_?
sols have a viscosity of about 3 • 1 0
Pa • s the
use of a thickener can be avoided if a suitable drop
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Th(N0 3 )«*U02(N0 3 )2 J J j
H20
NH 3
90%

SOL P R E P A R A T I O N
80°C, 3h, 2 . 5 M

DROP F O R M A T I O N
400 - 600 s-i

NH 3
10%
H20

GELATION

H20
NH4N03

WASHING

1
AIR

AIR + H20

DRYING
250°C, 10 MIN

REDUCTION » S I N T E R I N G
1350«C,
3h

Th02
(Th,U)0 2

FIG. 3:

KERNELS

Chemical flow-sheet of the EGT process

formation device is used. It should be emphasized
that apart from ammonia no other chemicals are needed
for the process.
Prior to gelation, the sol is dispersed into
uniform droplets.

Gelation is a very fast reaction since it takes
place by the action of ammonia on sols which are
stabilized by hydrogen ion adsorption. The gelation
has to start before impact on the surface. As in the
SNAM process, the droplets must, therefore, travel
through an NH -gas atmosphere from the time they
leave the nozzle until they enter the aqueous ammonia
bath. A skin is then formed stabilizing the spherical
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shape of the droplets. Gelation is completed in the
ammonia bath. The ammonia concentration must be of
the order of 1 w/o.

Immediately after gelation, washing can take
place. This step is necessary for the removal of
NH NO and can be carried out with water in the EGT
process. It has been found that the relatively dense,
water washed gel kernels can be dried without cracking if the drying takes place in a wet atmosphere.
In too dry an environment the outer shells of the
kernels quickly become impermeable to water vapor
so that the pressure inside the kernels increases
and cracks them. The use of super-heated steams is
well known for drying kernels but it was found by
us that drying can also be done in sufficiently wet
air at a temperature between 200° and 400°C.
Sintering of ThO kernels can be carried out
without any particular temperature program. The
kernels reach a density of better than 99 % of the
theoretical density after 10 minutes at 1000°C. This

is due to the small crystallite size of the sol/gel
system. However, to obtain crystallite growth and
a heat resistant ceramic material, it is necessary
to sinter the kernels at 1250 - 1300°C for about
3 hours. The hexavalent uranium in the mixed kernels
must be reduced between 600 and 800°C with H or
Ar/H to obtain mixed oxides, (Th,U)0 . Beyond this
temperature, the same heat treatment as for pure
ThO kernels can be applied.

3.3 _ _ PfscriP^i20_2^ £he_p_rocess_eguip_ment
FIG. 4 shows an equipment flow-sheet of the EGT
process. The process starts with the preparation of
the sol. Gaseous ammonia is fed into a solution

containing Th (NO ) and, if necessary, U0?^^)?'
The gas flows through the hollow shaft of a mechanical
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BELT DRIER

SINTERING
FURNACE

SOL
PREPARATION
:NH3

PRODUCT

V
CENTRAL WATER
TANK (1%NH 3 )

FIG. 4 ;

Equipment flow-sheet of the EGT process

disperser and exits at the circumference of the rotor
This way the gas outlet does not become blocked. The
state of the sol is controlled automatically by pH
measurement and viscosity control.

In the next step the sol is dispersed into
uniform droplets. This is done by feeding a steady
laminar flow through a nozzle which vibrates with
a constant frequency (typically 500 Hz). Special
equipment has been developed to fulfil these
requirements [10],
After dispersion of the sol, the droplets enter
the gelation box where they first pass an ammonia
atmosphere prior to falling into the aqueous ammonia
bath for final gelation.
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The gel particles are transported from the
gelation box to the washing column by gravity where
washing is done batchwise. The overall continuous
flow is, however, not interrupted since washing is
carried out in a few minutes and sufficient storage
capacities are available in the gelation box and
supply tank beneath the column.
The dried particles are fired and, if necessary,
reduced in a continuous operation in a vertical
sintering furnace. The microspheres move in a packed
bed through the alumina tube of the furnace. The
transport of the particles is achieved by gravity
and a vibratory discharger. The reducing gas (argon
with 4 % H ) enters the furnace at the bottom.

4_.______Sol-gel microsphere pelletization of
Th02 and ThO^-UCU
Thorium is mostly used as a fertile material
in the form of ThO_ blankets in both thermal and fast
reactors [11,12], Several countries [13-15], are also
considering ThO -U 233 0_ (S 5 w/o) as an advanced fuel
for PHWRs and PWRs on the basis of balanced
utilization of uranium and thorium resources and
favourable neutron physics characteristics of
Th232-U233 in a thermal spectrum. Both the blanket
and fuel materials should have a high density
(£ 96 % T.D.) for enhancing breeding and a microstructure consisting of uniformly distributed
2-5 micron pores for satisfactory in-pile
performance.

A process flowsheet (FIG. 5) based on "sol-gel
microsphere pelletization" (SGMP) has been developed
for fabrication of high density ThO and ThO -2 % U02
pellets at relatively low compaction pressures
(» 350 MPa) and low sintering temperatures (* 1773 K).
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The SGMP is a hybrid of the conventional "sol-gel"
and "pellet" processes and use sol-gel derived
calcined microspheres rather than fine powder derived
granules as feed material for pellet pressing. The

Ca(N03)2
(-1 w/o)
(1.0-1.2 molar)
SOL PREPARATION

NH3 gas

(1 litre batch, 1.5 h, 353-373 K)

Carbon Black
3O g/molc

DROPLET GELATION

NH3 gas and bath with

NH3 gas

•off gas

4 moles NH4NO /litre
H~O + 1 % NH.OH

GEL MICROSPHERE WASHING
MICROSPHERE DRYING

Waste water

off gas

Belt drier, 473 K, humid air
1
MICROSPHERE CALCINATION

•off gas

(Air, 473-1083 K, 2-24 h)

id.

SEM

MICROSPHERE PRESSING

(35O-84O MPa)
SEM

_r

__ __ __ __ __ _ __ _ _j
SIN'iERING

die wall lubrication
1 w/o stearic acid in
aceton
—•- off gas

(1673-1973 K, 4h, A+4%H~)

INSPECTION
(a) SEM

(b) Ceramography
(c) Image Analysis
(d) Density

FIG 5 ;

Sol gel microsphere pelletization process for
fabrication of ThO or Th02~UO_ fuel, adapting
the KFA-EGT process
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advantages are as follows:

radiotoxic aerosols are not produced
dust free and freeflowing nature of microspheres
make remote fabrication easier
for mixed oxide uniform dispersion of uranium in
fuel is ensured
fabrication of high density pellets of desirable
microstructure is possible.
The KFA-EGT facility (FIG. 4) was used for

preparation of gel microspheres. However, 3 major
modifications were made in the reference EGT process
(8) in order to produce gel microspheres which could
be calcined to microspheres suitable for pelletization
and sintering. First, heavy metal nitrate feed
solutions of lower molarity (1 - 1.2) were found to
be more suitable. Secondly, around 1 w/o calcium
nitrate was added to the feed solution in order to
have around 0.4 w/o CaO "sintering aid" in the
subsequent calcined microspheres. The Ca
substitutes
4
+
for Th , resulting in the formation of oxygen ion
vacancies which enhance the volume diffusion of
thorium ion and in turn improves the densification
process during sintering. Thirdly, 30 g carbon black
per mole heavy metal were added to the sol prior to
gelation. The pores formed in the sol-gel microspheres
after burning off the carbon black particles reduce
the crushing strength of the microspheres and
facilitate pelletization.
The optimum process parameters developed for
fabricating sol-gel derived microspheres are as
follows :
(a)

(b)
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concentration of thorium
nitrate or mixed thorium
uranyl nitrate feed solution:
sintering aid:

1 to 1.2 molar
K 0.4 % CaO

(c)

pore forming additive:

(d)

drying of sol-gel
microspheres:

(e)

calcination of microspheres
and simultaneous removal of
carbon black particles:

30 g carbon black
per mole of heavy
metal's
On a continous
belt drier at
473 K for 10-15
minutes in humid
air

973 K, 24 hours,
air

The CaO doped porous ThO and ThO--2 % U0_
microspheres, thus prepared, have a low crushing
strength (» 2.5 N/microsphere), an optimum specific
surface area (40 - 50 m2/g) and an excellent
sinterability. These microspheres could be pelletized,
without difficulty, to a green density between 52
and 54 % T.D. at 350 MPa, and later sintered to a
high density (2 96 % T.D.) at a relatively low
sintering temperature (1773 K).
The pellet density versus sintering temperature
plots of ThO -2 % UO pellets prepared from 4 different
categories of microspheres are shown in FIG. 6. Porous
microspheres without CaO sintering aid could be
easily pelletized at 350 - 540 MPa to green densities
in the range of 52 to 54 % T.D. but needed a higher
sintering temperature (£ 1973 K) in order to achieve
high sintered pellet densities.
fc

b

The as-polished microstructures of sintered
pellets prepared from different categories of
microspheres are shown in FIG. 7. Pellets prepared
from microspheres without any additives had a typical
blackberry structure, showing the boundaries of the
microspheres prominently (FIG. 7a). With CaO addition,
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Density versus sintering temperature of pellets
prepared from different categories of sol-gel
microspheres

the microsphere boundaries were only partly dissolved
(FIG. 7b). Only with porous microspheres, the
sintered pellets had practically no microsphere
boundaries (FIG. 7c). In fact, the porous microspheres,
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(a)
FIG 7:

(b)

(c

As polished microstructure of sol-gel microsphere pelletized ThO -2 % U0? pellets (X50)
(a) without any additive
(b) with 0.4 w/o CaO
(c) with 0.4 w/o CaO and carbon black pore former

because of their low crushing strength, completely
disintegrated during the pellet pressing step itself
and lost their individual identity.
The SEM picture (FIG. 8) of a fractured surface
of a sintered pellet prepared from porous microspheres
show uniformly distributed pores and absence of any
microsphere boundary. The etched microstructure
(FIG. 9) of the same pellets show single phase
equiaxed grains in the size range of 15 - 20 micron.
The pore size and spatial distributions were
determined by the "individual method" of KfK,
Karlsruhe with the Leitz TAS analyzer [16]. More
than 85 % of the pores in the pellets, prepared from
porous microspheres and sintered at 1773 K (with CaO)
and 1973 K (without CaO), were in the size range of
2 and 3 micron. A typical plot of pore size and
distribution is shown in FIG. 10.

FIG 8;
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SEM picture of a fractured surface of a ThO.,-2 % U0
£
sintered pellet prepared by SGMP process (X220)

FIG 9 :
—————

Photomicrostructure of an etched ThO -2 % UO
2
2
pellet prepared by the SGMP process (X100)
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Thus, the SGMP process not only avoids dust
generation and is easy to remotize but also produces
high density pellets of desired microstructure at
compaction pressures and sintering temperatures,
which are even lower than what are reported [17] for
the conventional powder route.

REFERENCES

[1] SIDALL, T.H., Extraction of Thorium Nitrate from
Nitric Acid by TBP-Ultrasene, Savannah River
Laboratory, Aiken, South Carolina,
Report DP-181 (1956)
[2] BENEDICT, M., PIGFORD, T.H. and LEVI, H.W.,

Nuclear Chemical Engineering, Mac Graw-Hill
(1981) 526
[3] NAKASHIMA, T., ZIMMER, E. and MERZ, E.,

Distribution data in the system
Th(N03) -UO (N0_) :HNO-/30 % TBP in dodecane,
Solvent Extraction and Ion Exchange,
2(4&5) (1984)635
[4] NAKASHIMA, T. and ZIMMER, E., Die Verteilung
von Th(N03) U02(N03)2 and HN°3 zwischen
wäßriger Phase und organischer TributyIphosphatPhase, KFA Jülich, Report JÜL-1920 (1984)
[5] BLANCO, R.E., FERRIS, L.M., FERGUSQN, D.E.,

Report ORNL-3219(1962)
[6] KÜCHLER, L., SCHÄFER, L., WOJTECH, B.,

The THOREX two-stage process for reprocessing
thorium reactor fuel with high burnup,
Kerntechnik, _1_3 (1971)319
[7] ZIMMER, E., NAEFE, P., RINGEL, H., Aqueous

Chemical processes for the preparation of High
Temperature Reactor fuel kernels, Radiochim.
Acta, £5(1978)161
[8] RINGEL, H. and ZIMMER, E., The external gelation
of thorium process for preparation of ThO and
(Th,U)0 fuel kernels, Nucl. Technol., 45,
(1979)287

110

[9] BRAMBILLA, G., GERONTOPOULOS , P. and NERI,

The SNAM process for the preparation of ceramic
nuclear fuel microspheres, Energia Nucleare,
V7 (1970)217
[10]

ZIMMER, E., BARNERT, E., NAEFE, P. and RINGEL, H.,

Equipment for remote production of coated particles
Am. Nucl. Soc., Conf. Proceedings, gjB (1 981 ) 1 059
[11]

HART, P.E., GRIFFIN, C.W., HSIEH, K.A.,

MATTHEWS, R.B. and WHITE, G.D., ThO -based fuels

- their properties methods of fabrication and
irradiation performance, PNL-3064 (1979)
[12]

BALAKRISHNAN, P., VARMA, B.P., RAJENDRAN, R.

and BALARAMAMOORTHY, K., Thorium oxide blanket

fabrication for Indian fast breeder test reactor,
Proc. of IAEA meeting on thorium based nuclear
fuel - current status and perspectives,
Vienna, Dec. 2-4 (1985)
[13]

GANGULY, C., Development of plutonium-based

advanced LMFBR fuels and thoria-based PHWR fuels

in India, IAEA-TECDOC-352, 107 (1985)
[14] PEEHS, M. , DÖRR, W. and HROVAT, H., Development
of a pelletized (ThU)O -fuel for LWR application,
Ibid, pp175 (1985)
[15] SLATER, J.B., Potential of advanced fuel cycles
in CANDU reactors, Nucl. Energy 20,5,44 (1981)
[16] ELBEL, H. and KAISER, E., Kurzbeschreibung der
Meßverfahren zur Bestimmung von Porengröße und
Porenabstand mit Hilfe des T.A.S. der Firma Leitz,

Q. notiz no. 53, IMF-3, KfK (1982)
[17]

BELLE, J. and BERMAN, R.M., ThO : properties

and nuclear applications, DOE/NE 0060 (1984)

111

OPERATIVE EXPERIENCE IN FIRST CAMPAIGN
FOR REPROCESSING OF URANIUM-THORIUM
ELK-RIVER FUEL ELEMENTS
T. CANDELIERI
ENEA, Departimento Ciclo del Combustible,
Policoro, Italy
Abstract
OPERATIVE EXPERIENCE IN FIRST CAMPAIGN
URANIUM-THORIUM ELK-RIVER FUEL ELEMENTS.

FOR

REPROCESSING

OF

The main characteristics which differentiates the ITREC
pilot plant from the other reprocessing plants are summarized.
The report describes: a brief history of the Uranium-Thorium
Cycle Program developed in Italy since 1960;
the results
obtained during the cold tests in the Remote Refabrication Cell
until 1974, year in which these activities have been stopped;
the operating experience in the Campaign for reprocessing of 20
Uranium-Thorium Elk-River irradiated fuel elements.
In
particular are described
the results of
the following
operations: dismantling fuel elements and pool water treatment,
chopping, dissolution, extraction in a Thorex acid-deficient
flow-sheet.
Some works of maintenance and modification during
hot operations (dismantling machine, replacement of the high
level waste evaporators) are also presented.
The planned
utilization of the ITREC plant is indicated.

1.

HISTORY OF THE URANIUM-THORIUM PROGRAM DEVELOPED IN ITALY

The program was carried out in cooperation with the USAEC.

In 1960 a joint Italian-American team, started the preliminary
design work on the reprocessing and remote refabrication plant.
The purpose of the research work to be done within the
framework of the U-Th Cycle Program was to develop:
-

knowledge of the technical and economic feasibility of the
application of the Th-U cycle to power reactor,
as an
alternative to the U-Pu cycle;
processes and technologies in the field of the processing
of irradiated fuels and that of the remote refabrication of
nuclear fuels.
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The basic facility for the execution of this research work
is the fuel Element Processing and Refabrication Plant (ITREC)
built at the TRISAIA Center.
For the hot experiments in ITREC plant have been utilized
the fuel elements of the Elk River Reactor first core.
In 1974 the Italian Committee of Ministers for Economic
Planning (CIPE) decided to stop the U-Th Fuel Cycle Program.
In accordance with that resolution and as regard the ITREC Plant
it was decided to stop all activities concerning the fuel remote
refabrication and was planned to use ITREC as a pilot
reprocessing plant for the performance of hot and cold testing
on advanced components (centrifugal contactors,
continuous
dissolver etc.).

2.

GENERAL CHARACTERISTICS OF THE ITREC PLANT

The ITREC
fuel

elements

(Reprocessing and Refabrication pilot plant of
of

the

ceramic

oxide)

differs

from

most

reprocessing plants in the following main aspects:
the plant was originally
conceived and built as an
integrated unit for the reprocessing and for the remote
refabrication (Fig. 1);
-

among the various possible methods for the processing of

fuel elements containing uranium and thorium, that used in the
ITREC does not involve the separation of thorium and uranium and
therefore,
after extraction of the fission products,
the
processed material contains Th-228, a strong gamma emitter which
makes it impossible to handle the material without adequate
protection. The refabrication must therefore be carried out in a
cell fitted with adequate shielding,
using remote-operated
equipment and techniques;
all equipments of the main
chemical processing are
installed in modular units (the Racks Removal System), an
arrangement

which

provides

for

the remote-controlled

removal

(after appropriate decontamination) of the individual mobile
unit (rack) for maintenance work and modification of components
and equipments.
Thanks to this arrangement it is also possible, without
particular difficulties and at limited cost, to replace entirely
complete sections of the plant to adapt it to new research
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program.

For

example,

the

experiment

with

centrifugal

contactors in the extraction section will be possible by simply

replacing the equipment installed on a single movable rack.
This feature, as well as the various alternatives envisaged
in

the original

design,

makes

the plant extremely flexible.

Thus,
for instance,
the plant can carry out the Th-U codecontamination flow-sheet as //ell as the Th-U partition flowsheet. Also, in the case of adaptation to the reprocessing of
fuel from different reactors, the plant is equipped for both the
reception and pool storage of the new type of elements and for
an increase in dissolving capacity (from 15 to 30 Kg/d).

3.

REMOTE REFABRICATION CELL: COLD TESTS

In the remote refabrication cell (warn cell) is carried out

the last phase of the chemical process and the last cycle of the
operations connected with the mechanical refabrication of the
fuel elements.
From 1968 until 1974,

year in which these activities have

been stopped, the refabrication equipment has been tested with U
and Th not irradiated, in order to optimize the various process
conditions and to improve the remote operation procedures.
All these operations are indicated in the Fig. 2.
The coprecipitated Th-U oxalates are converted into oxide by
calcining the oxalate cake at 920°C.
Green pellets are obtained by cutting the extruded rods into
pieces after drying.

To carry on the ceramic fabrication in remote handling
conditions a considerable amount of work was devoted to
development of special tools.
Table I summarizes the characteristics of the sintered pellets
obtained since the process was set up in the main lines.
With
exception of two lots, the number of the pellets meeting the
specific density is 90%.
After loading the accepted pellets into the tube the second end
plug welding is remotely performed.
Metallographie checks demonstrate that the quality of remotely
performed welds is up to the standard of the welds made by
direct operation.

All the welds are routinely Xrayed in an apparatus which was
developed for the purpose.
The pins are assembled into an Halden type element still inside
the refabrication cell.
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FIGURE 1

ITREC PROCESS BUILDING

FIGURE 1 - ITREC PROCESS BUILDING
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CHARACTERISTICS OF A SAMPLE OF SINTERED PELLETS
OBTAINED DURING PRENUCLEAR TESTS IN REFABRICATION
CELL

O

DENSITY
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%
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LOT No
0
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A number of modifications, suggested by work experience
have been made on the various unit operations to optimize the
ceramic process and the equipment functionality (for example the
sol-gel
process
instead
of
oxalate
precipitation
and
pelletization instead of extrusion).

4.

ERR FUEL CAMPAIGNS RUN IN ITREC PLANT

Following the decision to phase-out the remote fabrication
activity, only the chemical process section of the plant,
together
with
the
mechanical
head-end
(fuel
assembly,
dismantling and individual pin cutting) has been put into active
operabion.
The hot operation has been started in July 1975, with the
reprocessing of 20 ERR Th-U spent fuel elements, irradiated in
the Elk-River (USA) reactor. For this first campaign the maximum
cooled and less irradiated elements have been chosen, whicn
characteristics are reported in Table II.

The experience acquired in the hot operations can
considered as complete and regards the following activitiesMechanical operations in the receiving,
chopping of fuel elements.

be

dismantling and

Chemical processes in the unit operations as dissolution,
feed adjustment, solvent extraction, solvent recovery,
wastes and pool water treatment.

4.1.

Receiving and Dismantling Area

In case of the receiving area, hot work experience regards
the cooling, washing and unloading of the 3 Elk River casks.
The dismantling operations involved 36 of the 84 Elk River fuel
elements stored in the ITREC pool.
The dismantling operations showed that the machine was not
functionally perfect because of its complexity.
The principal troubles were experienced in the.
deformation of the element holder along the vertical axis
block of the knife extractors probably due to seizure

oxidation and deformation of the rotable finger due
to error in the choice of materials.
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ISOTOPIC COMPOSITION AND ACTIVITY

TABLE II
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Therefore, a series of complexed operations (decontamina-

tion,

extraction from the pool etc.) were made for a radical

maintenance of the dismantling machine.
The pool water treatment takes place on a mixed resin bed after
filtration.

4.2. Fuel Chopping and Dissolution

After the dismantling of the fuel element assembly, each
pin was cut into 2 cm. pieces, which fall into the dissolver.
A Thorex "acid-deficient" flow-sheet was used for the
codecontamination of U-Th in a single cycle 30% TBP solvent

extraction.
In case of the chopping and dissolution section hot
operation has confirmed the good results of the prenuclear
tests.

The dissolution yields on the 4 batches
are as
theoretically foreseen, whereas on the first 3 batches (input
solution) they are 98-99% for Th and 99.5-99.8% for U.
Visual examination of the hulls and the spectrum of a sample of
hulls analyzed prove both the perfect chopping operation and the

complete dissolution of the nuclear materials.
The losses of HNO in the OFF-GAS dissolver give approximately
10 - 12%
when,
during chopping,
the dissolver solution
temperature reaches 100°C and drop to 6 - 7% when the attack
solution is at room temperature.
During hot operation the complete chopping group
replaced in order to check the remote intervention system.
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was

4.3

Extraction system

For the first campaign the flow-sheet selected,
from a
range of possibilities due to the extreme versatility of the
plant, was U-Th co-decontamination (Fig. 3/4).
The U-Th product is stored as concentrated solutions of
Uranyl and Thorium nitrate with the possibility of recycling in
the input tank for the subsequent Th-U partition campaign or the
subsequent sol-gel process conversion. (Tab. III).
Theoretical FP's decontamination factor is about 5 . 10 for
beta-emitters and 5 .
10
for gamma-emitters.
Actual
decontamination factors in normal operating conditions were
about 1000 for gross-beta and about 1000 for gross-gamma.
The hot run was stopped twice:
firstly because of a
microloss appeared in HLW evaporator (which concentrates the
acqueous raffinâtes 1 AW flow from first co-decontamination
extraction battery) and secondly for the obstruction in the
extraction mixer-settlers battery. The second maloperation has
caused the bad decontamination of end product and therefore the
stored product is a mixture of the end products obtained from
the normal and abnormal operations of mixer-settlers battery. In
Figg. 5/6 is reported the behaviour of gross-beta and grossgamma Decontamination'3 Factors as well as for some particular
gamma-emitters, during the normal plant operation.
In the 1AW current the losses of Th are very near to the
theoretical
values of approximately
I0/
while
it is
practically impossible to determine the losses of U (*l°/oo; the
concentration found is at the sensitivity limit of the test
method).

In the re-extraction section theoretical and actual losses
also proved extremely low.
In conclusion, the process may be considered operatively
safe and satisfactory.

4.4. Remote Maintenance

In general the maintenance philosophy of the hot facilities
in the plant is based on remote removal and transfer of parts to
the decontamination cell. In the ITREC Plant
two different
approaches have been chosen to solve the practical problems
connected with this philosophy:
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1) first approach

is installation of all apparatus on
removable racks that can be transferred to
the Decontamination Cell.

2) second approach

is adaptation of every major item by itself
as suitable for handling with regular
master-slave manipulators.

The first approach (Rack Removal System) has been adopted
in the reprocessing section, where the removal of each rack is
controlled through positive mechanical devices in so strict a
sequence that no provision has been made to even see the
operation (no shielding window or camera).
After long operation the system has not induced any suspicion of
developing faults and is currently considered as proven.

The

second

approach

inspired

the

installation

of

the

refabrication equipment. Every item was custom made to fit
independently into a general arrangement of the cell,
that
provides supports and connections preset accordingly to a
modular disposition. This accomodation required a considerable
amount of engineering work but resulted in more compact and
flexible arrangement.
The transfer of equipments to and from the decontamination
cell, and of irradiated fuel from pool to process is done
through the "corridor" which is an area of restricted access.
An electronic manipulator has been added. The manipulator is of
the "Mascot" type, developed by ENEA. It has proved to be most
useful as a substitute for man in fine adjustment jobs.

4.5. Operational Troubles

The number and variety of incidents which occurred made it
possible to gain wide experience in the hot maintenance
operations and at the same time had no consequences for
operators or for the environment.
Most of these maintenance operations have concerned:
clogging in the sampling system
obstruction of ejectors
blockage of remote head pumps in the extraction process
chopping machine
The most serious problem concerned the leak on the steam
piping of the H.L.W. evaporator. (Fig. 7).
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H,0

FIGURE 7

LAYOUT OF W-20 EVAPORATOR

ID feed inlet; (2) concentrate outlet. (31 level probe:
(4) density prob«. (5) steam tn'.ei; (6) to monitoring syitem. (7j level reference, (Sj calibrated
orifice; (9) air line for pressurized system; (101 air pressun:ed discharge system. Ill) on/off
discharge valve; (12) dissolver off-gas; (13) to condenser.

In 1976, during the first nuclear campaign when the reprocessing
of 20 Elk River elements was started a microloss appeared in the
HLW evaporator, which concentrates the aqueous raffinates-lAW
solution. The Rack No. 6, containing the evaporator, was removed
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from the hot cell to the decontamination cell. It is the section
more difficult to decontaminate as it includes the first mixersettler extraction battery and the evaporator of the 1AW flow.
The decontaminating solutions used are stocked in the HLW
and/or LLW tanks of the plant. The need to ensure compatibility
of a long storage of these solutions with plant materials
(AISI-304L), has brought to the exclusion of all commercial
decontamination agents,
because highly corrosive,
whose
efficiency is based essentially on the combined action of high
oxidant substances with high complexing power.

Decontamination of the mixer-settler battery and of rack
No. 6 was completed in the decontamination cell by successive
washing with: Na CO at 20%; COO(NH ) = 0.3M + EDTA = 0.18M;

HNO
= 6M,
using for every washing 100 It. of solution
introduced in the first stage of the battery and subsequently in
other equipment.

The removed exchanger suitably packed and enclosed in a special
container, will be examined internally to verify causes and
degree of damage to the steam piping.
After decontamination the intensity of exposure in contact with
the shell reaches the maximum values of 300-500 mR/h.
During the intervention on the evaporator 3 ejectors have been
replaced because of the frequent obstructions during the hot
operation, especially due to solid particles contained in the
steam.
The total dose for the whole intervention in the
decontamination cell was 2.4 rem, distributed among 19
operators. The maximum individual dose was 433 rem, absorbed
during 14 interventions in a 60-day period.

The duration of the hot intervention
minutes, representing 113 man hours.

was

34

hours

and

13

After the intervention the rack No.6 was replaced in the
hot cell and the hot plant operations were restarted to complete

the reprocessing of the remaining 13 Elk River fuel elements
planned for the first nuclear campaign.

5.

NEXT PROGRAM OF ITREC PLANT UTILIZATION

In accordance with the strategic destination of the ITREC
plant the next program foresees the following main activities:
2nd Hot Campaign (1986-1987) with the reprocessing of 16
U-Th
Elk River fuel elements for hot tests of a special
type centrifugal contactors in the extraction section.
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3rd Campaign for U-Th partition, recycling in the plant the
uranyl and Th nitrate solutions produced in the First and
Second Campaigns and subsequent Uranyl nitrate conversion
by sol-gel process.
Experience on the decommissioning
framework of the C.E.C. Program.
Experience on the storage

technology

within the

of spent fuel elements utilizing

one lot of the Elk River fuel elements.
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SUMMARY OF PAPERS
Nine papers were presented at the meeting, dealing with the
following:
evaluation of world thorium resources and incentives for further
exploration;

basic research of physical, chemical and nuclear properties of
thorium;
reactor core and blanket concepts regarding utilization of Th-based

fuel;
advanced thorium fuel fabrication technology;
reprocessing of Th-based fuel.

1.

Evaluation of world thorium resources and incentives
for further exploration

Thorium in association with uranium and Rare Earth Elements (REE)
occurs, as shown in the paper presented by Mr. Jayaram, India, in diverse
rock types: as veins of thorite, thorianite, uranothorite and as monazite
in granites, syenites, pygmatites and other acid intrusions. It also
occurres as an associated element with REE bearing bastnaesite in
carbonites. Monazite also occurs in quartz-pebble conglomerates,
sandstones and in fluviatile and beach placers.
The current knowledge of thorium resources in the world is small
because of the relatively low-key exploration efforts arising out of
insignificant demand. Resources recoverable at less than $80/kg Th in
the Reasonably Assured Resources (RAR) and Estimated Additional
Resources-Group (EAR-I) categories are estimated at around 1.4 million
tonnes and one million tonnes respectively. And this is due only to the
effort made by several countries to identify either uranium or REE.
India has about 31% of them. Argentina, Australia, Brazil, Burma,
Canada, China, Republic of Korea, Indonesia, Malaysia and South Africa
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have also considerable resources of thorium. The possibility of
discovering new resources, in addition to increasing the known resources
contained in the deposits already known, is good.

In spite of today's apparent unfavourability for the thorium
utilization situation in the uranium market (low prices for uranium and
oversupply) it seems that the perspective of thorium utilization as a
nuclear fuel is realistic in the near future. This could be justified by
the forecast for uranium utilization in both once-through or closed fuel
cycles. Also countries which have limited resources of uranium may have
to use thorium to ensure continuous growth rate of electricity
generation. Taking this into account the IAEA will contribute further to
the exchange of information and co-ordination of national efforts aimed
at maintaining and improving knowledge on thorium resources and its
utilization as a nuclear fuel.
2.

Basic research of physical, chemical and nuclear properties

of thorium
In general fundamental investigations are concerned with preparing
the base for studying the physical properties of nuclear reactors,
working with either a mixed fuel cycle or Th-based fuel.

The dependences of U-233, U-232, Pa-233 and fission products buildup
upon integral thermal neutron fluxes in high flux ETR-reactor (China)
have been studied, including detailed correlation between the
above-mentioned values and fast to thermal flux ratios in wide range.
These results may be helpful in assessing breeding potential of Th-based
fuel in different type of reactors. French work (Attachment IV) on
revising and réévaluations of Th-232, U-233 data revealed the following:
The value of Th-232 absoption in thermal range is apparently
well-known, though absorption cross sections seem to decrease more
rapidly than f\j law. Accurate experimental values should be desirable
to improve temperature coefficients forecast. The most desirable further
work is in high energy range. The knowledge of U-233 cross sections now

is not as good as that of Th-232. Further work is still needed,
particularly in the thermal range of energy. This work should include a
new accurate measurement of V ,Of, fission spectrum, as well as,
benchmark "clean" critical experiments, which can be easily interpretated.
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3.

Reactor Core and Blanket Concepts Regarding to Th-based Fuel Reactors

Strategy investigation, reactor core and blanket design are still
important for successful development of Th-based fuel reactors.
The current state of the reactor and fuel cycle facility development
suggest the following logics (USSR) in combination with the
uranium-plutonium and uranium-thorium cycles for nuclear power.
Transition to the U-Pu closed cycle, development of spent fuel
regeneration, plutonium accumulation paves the way for rapid introduction
of fast breeder reactors which are to be the basis of future nuclear fuel
breeding. The accuteness of fuel problem can be then eased by transition
of the thermal reactors to utilization of the U-233 accumulated in the
fast breeder reactor blankets. That idea is supported by the Indian
plans for the behaviour Th-232 investigations in blankets of fast test
reactors.

There is, among others, the French idea to use Pu-Th cycle in
unmodified PVRs. The main goal of this work is to find a real way for
opening the Th-cycle in up-date reactors. The solution proposed consists
of initial loading the whole reactor PWR-type with Th-Pu assemblies.
Besides, it is an attractive means of storage plutonium in case of
rather slow development of LMFBRs. U-233 can be perfectly used in
Spectrum Shift Control Reactors. Regarding optimization of neutronics,
calculations were being made, including pin power peak, moderator
temperature coefficient etc.
Other optimistic results were described in cooperative
Brazilian-German paper on Th-utilization in unmodified PWR type
reactors. It can be established, that standard PWR may use (Th, U)0
fuel and even (Th, Pu)0 fuel without any changes within the reactor
system. A favourable strategy to avoid the need of early reprocessing
and to strive for savings in uranium might be the use of (Th, Pu)0
fuel in the once-through cycle with extended burnups.

4.

Advanced thorium fuel fabrication technology

For refabrication of U-233 bearing HTR fuel kernels the EGT
(External Gelation of Thorium) sol-gel process has been developed (paper.
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presented by Mr. Zimmer, FRG). On the basis of this technology developed

for HTR fuel production, a procedure for production of fuel pellets for
water cooled reactors has also been developed (paper, presented by Mr.
Peehs, FRG).
Three major modifications were made in the referred EGT process in
order to produce gel microsphere which could be calcined to microspheres

suitable for pelletization and sintering. First, heavy metal nitrate
feed solutions of lower molarity were found to be more suitable.
Secondly, calcium nitrate was added to the feed solution in order to have
around 0.4 w/o CaO "sintering aid" in the subequent calcined
microspheres. Thirdly, carbon black were added to the sol prior to
gelation. The pores formed in the sol-gel microspheres after burning off
the carbon black particles reduce the crushing strength of the
microspheres and facilitate pelletization.
The Sol-Gel Microsphere Pelletization (SGMP) process not only avoids

dust generation and is easy to remotize but also produces high density
pellets of desired microstructure at compaction pressures and sintering
temperatures, which may be even lower than for the conventional powder
route.

HTR fuel kernels are easily produced by the EGT process which needs
no chemicals apart from NH, necessary for precipitation of heavy metals
in all fuel production processes.
In the paper regarding Indian experience in fabrication of ThO?
pellets emphasize was made on optimization pre-compacting and final
compacting parameters which will lead to the reliable and economic

fabrication technique of this fertile material.
The goal of this work is fabrication and supply of blanket
assemblies containing thorium oxide pellets to the requisite quality, for
full core of Indian Fast Breeder Reactor at Kalpakkam.
Starting with ThO powder obtained by oxalate precipitation and
calcination, green pellets are produced through powder metallurgical
route. In order to achieve sintered densities more than 94% addition of
Mg in small quantities, during oxalate precipitation stage.
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An economic and viable recycling method for sintered pellets as well
as powder needs to be developed.

5.

Reprocessing of Th-based fuel

KFA Julien GmbH experience in the utilization of dual cycle THOREX
process for extraction of Th and U was reported (by Mr. Zimmer), as well
as, the results of cold tests.
The THOREX solvent extraction process is simple to carry out since

separation of Th and U is accomplished by the different extraction
behaviour of the elements in their stable valency state, rather than in
the PUREX process where the Pu has to be reduced to and stabilized in the
trivalent state for separation.

Reprocessing of the 20 ELk-River reactor (USA) Th-U spent fuel
elements was done in the ITREC plant, Italy (paper by Mr. Candelieri).
The ERR used fuel had a burnup in the range of 3,650 -10,000 MWd/t. A
THOREX "acid-deficient" flowsheet was used for code-contamination of U-Th
in a single cycle 30% TBP solvent extraction. Unfortunately, the project
terminated in 1974 and the facility is presently used for testing some of
the components used in a reprocessing plant. No pellet refabrication has
been done in this facility.
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SUMMARY OF THE PANEL DISCUSSION
In spite of some leveling in the demand for nuclear energy and in
some decrease in U-costs a number of IAEA Member States are still
interested in the utilization of Th as nuclear fuel. This is in order to
evaluateed long-term fuel supply and to prevent for shortages in enriched
U. RAR and EAR-I resources of Th which could be recovered at costs less
than US $80/kg are estimated at around 2,4 million tonnes.
Conventional nuclear power plants can be designed for operation
either in the U/Pu

cycle, in Th-HEU cycle or in Th-Pu cycle.

The main

advantage of the Th-based fuel cycles is that is has a higher neutron
yield of U-233, in comparison with the neutron yield of Pu 239 in the
U/Pu

cycle.

Those benefits may be equalized by commercial disadvantage,

due to the requirement of HEU and the problems related to reprocessing
and refabrication in a closed fuel cycle since full remotization is
needed. The once-through cycle by the use of Th/Pu fuel offers the
possibility when applicated to LWR-systems to avoid those problems and
having considerable savings in U-ore and enrichment work units.
In fundamental and reactor conception problems the papers
concentrated mainly on the following questions: are there enough
neutronics data and how to choose the optimal way for starting the
Th-based fuel cycle in nuclear power, to prove the neutronic feasibility
of thorium cycle in unmodified PWR's For other types of reactors there
are no real plans involving a Th-based cycle. FRG has abandoned the
utilization of Th in the future HTRs in favour to low enriched uranium.
The reason is the current inavailability of HEU.
A crucial item in the nuclear core design is the uncertainties in
the cross-section data for Th-232 and U-233.

In France, CEA recommended

data is in use which is updated from time to time.

The work in this area

is summarized in the enclosure, presented by the French delegate, Mr.
Greneche from CEA, Saclay. In general, the data for Th-232 are more
reliable than those for U-233. In the FRG data are used which are
elaborated by detailed studies based on the available experimental data

base and from irradiation experiments. China feels necessary to
elaborate those data more in detail, specifically for LWR application.
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In India an Expert Group is working on data for thermal and fast flux
conditions. USSR is working with ABBN data (Russian origin) but also
data from Japan and France are used to improve the data base.
For fuel manufacturing at least four different procedures are in

practice:
Powder production ex-oxalates and cold processing, sintering in
H /Ar atmosphere;
Powder production ex-oxalates and extrusion, sintering in H /Ar
atmosphere;

- Vibrocompaction of sol/gel kernels;
- Pelletizing ex sol/gel kernels and sintering in H /Ar
atmosphere.
It is acknowledged that the microstructure optimization is needed
for high burnup fuel. This can at the moment only be reached by
pelletizing ex sol/gel kernels, improved in its pressing performance by
the addition of carbon black (Brazil, FRG).
Fuel fabrication for blanket
element do not need a micro-structure optimization due to its low
burnup. Here the powder production ex oxalates and cold processing shows
sufficient performance (India). To lower the sintering temperature
sintering aids like Ca or Mg are successfully in use (FRG, India).
It was also emphasized, that the time for fuel dissolution in the
reprocessing is influenced by its microstructure (FRG, Brazil). Also the
addition of Ca or Mg seems to influence positively the dissolution
behaviour (India, FRG) of irradiated fuel.

The thermal design of pin-type fuel is not very much advanced.

It

seems that in the different countries different material data are
used and different computer codes. Some countries are doing own
measurement (Brazil, France, FRG, India) and some are using data
from literature.
The reprocessing and refabrication is heavily influenced by the
radioactive by-products requiring heavily shielded devices. Italy
has some experience in this area by the work with spent Elk River
fuel from the USA. Generally, basic experiences are available but
no work is going on on refabrication for the time being, even if
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some national strategies need reprocessing and refabrication
(France, India).
All work presented in the meeting was addressed to oxide fuel. The
question on the potential of metallic Th-fuel could not be answered
in the Panel. However, it seems that work is going on in the USA at
ANL to investigate this fuel type as a FBR-fuel. Alloys with
Th-20%U - 4%Zr and Th-20%U - 10% Pu are under investigation.
Irradiation testing up to 100 GWd/t seems to be available. The fuel
pins have SS-clad and Na-bonding.
After termination of the Panel Discussion a list of major activities

worldwide in the area of Th-based nuclear fuels was compiled by the
delegates from the different countries. No information was
available in the Meeting from Canada, Japan, Romania and USA. IAEA
staff members, Messrs. F. O'Hara, M. Ugajin and Mr. P. Bull of the
Permanent Mission of Australia, prepared the reports on the status

of the thorium-based fuel research and utilization programmes in the
USA, Japan and Australia, correspondingly (attached). The report on
"Status of Spent Fuel Management in Canada" presented at the IAEA
Advisory Group on Spent Fuel Management in 1984 and reports by the
Institute for Nuclear Power Reactors, Pitesti, Romania, presented to
the IAEA, in the course of a research contract on "Data base for a
PHWR operating on a once-through, low enriched uranium-thorium
cycle" were used for filling the above mentioned list.
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Recommendations
The capture cross-sections of Th is rather well-known in the thermal
region. But in the fast energy range capture fission cross-sections
and n-2n cross-sections must be known with a better accuracy. This
could be achieved by differential thermal measurements. For U-233
better knowledge of cross-sections is needed in the whole energy
range. For this aim it could be very helpful to have results
available from clear integral experiments (bench-marking). It would
be beneficial if this work could be done in cooperation.* Further
information is needed in cross-sections for Pa-233 and U-234.*
It appears that there may be discrepancies in the results obtained
by different countries concerning core calculations for Th cycles
(e.g. pin power peak calculations for PWR). It should be worthwhile

to promote bench-marking studies on this problem.*
There is a lack of information on the treatment of used Th for
closed Th/U fuel cycles. Work on the reuse of Th would be
emphasized.
The powder technology for pelletizing should be investigated to
assess its capability to optimize the microstructure of the fuel
similarly to the pelletizing ex sol/gel kernels.
The Member States working in the area of metallic fuel are invited
to inform about their experience in order to assess its potential as
on nuclear fuel. The IAEA is asked to distribute a reference list
from the available reports in this area.
It is recommended to hold in approximately 5 years a meeting on the
progress in Th utilization. Possible objectives in this area
meeting could be the evaluation of world-wide Th resources, basic

The Scientific Secretary was asked in cooperation with the other
Divisions (Nuclear Data Base Section and Advanced Nuclear Power
Technology Section) to endorse in the Agency the activities on
collection and analyses of data on Th and U-233 cross-sections and
on active core designs regarding utilization of Th fuels.
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research of nuclear, physical and chemical properties of Th,
strategies, reactor core and blanket concepts for different reactor
types; fuel technology; reprocessing and refabrication in closed Th
fuel cycles.
Upcoming results on the different areas of activity in the Th
investigation may be presented at the IAEA meeting.

144

Annex I
STATUS OF US PROJECTS RELATED TO THORIUM UTILIZATION
Two major thorium-fuelled reactor programmes have been actualized in
the US.

These are the Molten Salt Breeder Reactor and the Light Water

Breeder Reactor.

A third, the High Temperature Gas Reactor, was

envisioned to utilize thorium, but this had not been accomplished.
Instead this reactor utilized enriched uranium.

The study and development of molten-salt reactors was begun in the
US at the Oak Ridge National Laboratory in 1947. The potential of MSBR
for civilion power production was recognized and a development programme
was established in 1956. A Molten Salt Reactor Experiment was operated
from 1969. It was fuelled with a U235-U238 mixture during the
initial two years of operation and with U 233 during the remaining 1.5
years of operation.

The successful operation of MSRE and the favorable

projected system characteristics attracted significant US industrial and

utility interest.

The development of molten-salt reactors was interruped

in 1973 when the programme was terminated.

The programme was resumed

briefly in 1974 but finally terminated in mid 1976.
The second major reactor concept utilizing thorium was the Light
Water Breeder Reactor.

The concept, then called seed-blanket, was

originally introduced in 1951 as a means of minimizing the separative
work required for the fuel of a light water reactor.

The seed-blanket

concept was employed in tne design of the first commercial PWR plant at
Shippingport, Penn.

It was long thought to be impractical to breed with light water;
233
however, since the value of *l for U
is only slightly lower in the
235
239
epithermal region, while that of U
and Pu
are greatly reduced,
the thorium cycle appeared to be most attractive for a thermal breeder.

After preliminary work in tne early 1960s indicated the feasibility of
breeding in a light water seed-blanket core on tne thorium cycle, the US

AEC authorized a demonstration in the Shippingport Plant.
Light Water Breeder Reactor Project.

This is the

Full-power operation of the

demonstration began in December 1977.
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The reactor has operated on thorium and u233 cycles until 1982 at
which time it was shut down.

It is understood that the spent fuel is

presently being reprocessed to provide an accurate check against physics
calculations.

146

Many reports on the project should be forthcoming.

Annex II
CURRENT STATUS
OF THE THORIUM FUEL RESEARCH PROGRAMME
IN JAPAN
No thorium fuel reactor is currently planned to be built in Japan, but
basic R & D works are under way to pursue the possible diversification

of nuclear fuel resources through thorium utilization in the future.
1. R & D in Japan Atomic Energy Research Institute
The Japan Atomic Energy Research Institute started in 1975 basic R&D
works on thorium and thorium-uranium mixed oxides to develop laboratoryscale fabrication methods, examine irradiation behaviour and to measure
physico-chemical properties of these fuels.
Microsphere and pellet-type fuels have been investigated taking into

account potential applications of the acquired data for the fabrication
and performance analyses of both types of nuclear fuels. The main accomplishments are the following:
- development of new sol-gel process to prepare crack-free microsphere

fuel with better sphericity aiming at HTGR applications and to prepare

starting material for making high-density pellet with varying Th/U
ratios ;
- measurement of fission-gas release/irradiation-induced damage and

data analyses to predict irradiation stability and densification

mechanism;
- measurement of new data on equilibrium oxygen potential/stoichiometry
and its effect on chemical behaviour of burn-up simulated (Th,U)0_.

2. R & D in Universities
The Research Programme on Thorium Fuel has been performed since 1980
on the university basis, under the support of Grant-in-Aid for Energy Research of the Ministry of Eduction, Science and Culture of the Japanese

Government. The main results have been published in the English-written
report "Research on Thorium Fuel (SPEY-9,1984)".
It covers nuclear data evaluation and measurement} reactor physics
experiment and analysis; fuel fabrication, irradiation and property measurement} actinides production/separation and down-stream process deve-

lopment; biological effect and molten salt reactor engineering.
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Annex III
THORIUM RESOURCE STUDIES IN AUSTRALIA
Australia's thorium resources are those contained in monazite,
itself a by-product of mineral sands mining. Australia has some 12780
tonnes of reasonably assured resources of thorium (recoverable at less
than $80/kg TH- however, if monazite was mined solely as a source of
thorium, this resource would not be recoverable at less than $80/kg TH).

There are no specific exploration programs for thorium in
Australia. Exploration effort for mineral sands (containing
thorium-bearing monazite) has responded generally to changes in the price
of titanium and zirconium ores.
Thorium is not produced in Australia. All monazite production is
exported. Latest production figures of monazite concentrates and
contained thorium are:
Production (tonnes)
1983

Monazite concentrates
- thorium content

1984 (prelim)

15141
16707 (prelim)
893
969

Summary of work on the utilization of Th-based fuel in Australia
(provided by the Australian Atomic Energy Commission).
"The AAEC has carried out four experiments in the area of nuclear
data on thorium isotopes: fission fragment angular distriubtions for
thorium 232; the average number of prompt neutrons emitted in the fission
of thorium 232; fission fragment angular distributions for thorium 230,
and the fission cross-section of thorium 230. The first three
experiments (concluded by 1980) aimed to examine the existence of a
triple-humped fission barrier in the fission of thorium. The data from
each experiment were in good agreement with such a barrier shape. The
fourth experiment (still running) measured the sub-threshhold fission
resonance in thorium 230 near 715 keV to confirm the energy resolution
and energy accuracy of the first three experiments."
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Annex IV
NUCLEAR DATA FOR Th-232 AND U-233
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References for U-233 cross sections
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"APOLLO, Code muHigroupe de résolution oe l'équation du transport
pour les neutrons thermiques et rapides" - A. HOFFMANN et Col.
Rapport SERHA "T" N°1193.

[2]

"The aldermaston Nuclear Data Library as at May 1963" K. PARKER
AWRE Report-0-79/63 - Septembre 1963

[3]

BNL-325 : "Neutron cross section" 3ène édition. Volume I - Juin 1973
S.F. MUGHABGHAB and C.l GARBER

[4_j

"MICROX, a two-region flux spectrum code for the efficient calculation

of group cross sections" - by P. Wälti and P. Koch - «apport
Gulf-GA-A10827 - Avril 1972

Evaluated Nuclear Data Library of Lawrence Livermore Laboratory
Bibliothèque ENDL

"Neutron cross section for U-233" USAEC Report GA-7076 - General
Dyr-anncs, General Atomic Division, Septembre ]%6 - DRAKE

[7]
[8J

RPI preliminary ENDF/B data March 1967. Weston L.W. (ORNL-TM)
"Interprétation d'expériences critiques homogènes* H. MIKHAÏL,
P. REUSS, H. TELLIER, J. YAKUXEEM - Rapport SERHA N°24B "T" -

Octobre 1975
ENDF-B/11I : "Evaluated Nuclear Data File" - Version III

IlOj

Conférence de Washington de mars 1975. "Neutron cross sections "
p. 286

[ilJ

3ème évaluation de H.D. LENMEL (AIEA - Vienne)

"Discrepancies and possible adjustements in the 2 200 m/s Fission
parameters" - Rapport ANL-7830 - Juin 1971 - DE VOLPI

[l2J

"Revision of the thermal parameters of U-233"
Rapport WAPD-TM-1052 (Sept. 1972) - N.M. STEEN

[l3J

ENDF-B/IV : 'Evaluated Nuclear Data File" - Version IV

[l4]

WCKDL (U.K. Nuclear Data Library) - 1973
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