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Abstract

Two Research Reactors, FBTR (Fast Breeder Test Reactor) and KAMINI (KAlpakkam MINI) are in
operation at Kalpakkan, India. FBTR is a 40 MWt reactor. It is the first reactor to use mixed carbide (70%
PuC-30% UC) as driver fuel. Special precautions are needed to fabricate pellets in glove boxes under inert
atmosphere to take into account the possibility of criticality, radiation, pyrophoricity and toxicity of PuC. FBTR
has been operating with small core up to 12 MWt power. The initial limit was 250 W/cm linear heat rating and
25,000 MWd/t peak burnup. This limit was increased to 320 W/cm and 50,000 MWd/t respectively after
rigorous analysis. At present the core has reached 40,000 MWd/t without any pin failure. After 25,000 MWd/t
burnup one fuel subassembly (SA) was removed and PIE was carried out. The results were as expected by the
analysis. In FBTR, fuel is stored in a container filled with argon and the container is cooled by forced
circulation of air (during storage). Closing the fuel cycle is important for the breeder programme. Therefore,
efforts have been made to set up a reprocessing plant. It uses the well proven purex process. The irradiated fuel
is sheared in a single pin chopper and dissolved in an electrochemical dissolver. The resulting solution after
adjusting the valency of Pu to IVth state is processed in the solvent extraction plant using 30% Tri-n-Butyl
phosphate/n-dodecane as solvent. KAMINI is 30 kWt neutron source reactor which uses light water as
moderator and coolant and has as a fuel U-233 aluminium alloy. Uranium-233 has been indigenously recovered
from thorium irradiated in CIRUS reactor at Trombay. KAMTNI was made critical on October 1996. It is
housed in a vault below one of the hot cells in the Radiometallurgy laboratories of IGCAR. This reactor is
planned to be used for neutron radiography of fuel elements and neutron activation analysis. It is available for
use by research institutions and universities also. This paper describes the various stages of the fuel cycle of
FBTR and KAMINI.

1. INTRODUCTION

Fast breeder test reactor (FBTR) is a 40 MWt reactor in operation at Kalpakkam,
India. Normally in such small test reactors the fissile requirement of the core is met by highly
enriched uranium along with plutonium and the reference fuel composition is 70% UO2-
30%/PuO2. However, with the idea of replacing U235 completely by Pu239, a plutonium rich
mixed oxide fuel of the composition (U 0.24 - Pu 0.76)02 (natural uranium) was initially
chosen in place of the already proven (U 0.7 -Pu 0.3)02 (enriched uranium) fuel.
Unfortunately, preliminary metallurgical investigations revealed that (U 0.24 - Pu 0.76)02 is
not compatible with sodium coolant and causes unacceptably high swelling rate. Therefore, this
fuel was not pursued further for FBTR.

The next logical step was to explore the possibility of developing a plutonium rich
mixed mono-carbide (MC) fuel. As compared to conventional MO2 it has higher heavy atom
density, higher thermal conductivity and more compatibility with sodium. Therefore, for the
first time a fuel of composition 70% PuC-30% UC was selected as driver fuel in a fast reactor.
Out of pile fuel-clad coolant compatibility experiments at 973K for 1000 hours confirmed the
excellent compatibility with type 316 stainless steel and sodium. The materials used for clad
tube and hexcan are 20 % cold worked (CW) 316 and 20% CW 316L respectively.

The fuel pellets and pins were fabricated at BARC, Trombay and fuel subassemblies
were fabricated at Kalpakkam by Nuclear Fuel Corporation. The fuel was irradiated to 40,000
MWd/t without any failure of clad. Post irradiation examination was conducted on fuel SA
after 25000 MWd/t burnup. It has shown encouraging results.
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As closing the fuel cycle of breeder program is important, a reprocessing plant has been
set up at Kalpakkam where FBTR fuel is planned to be reprocessed.

The various stages of fuel management are described below.

2. PELLET FABRICATION

Preparation of (U, Pu)C fuel pellets of controlled density and M2C6 phase contents is
expensive and difficult compared to the conventional (U, Pu)02 pellets. More steps are
required in the fabrication. (U, Pu)C is highly susceptible to oxidation and hydrolysis and is
pyrophoric in the powder form, thereby needing a high purity inert cover gas (argon or N2)
with less than 25 ppm each of O2 and moisture and continuous monitoring of the glove box
atmosphere for oxygen and moisture content. Stringent control of oxygen, carbon and nitrogen
content of the process intermediates is needed in order to avoid the metallic phase and to keep
the sesquicarbide content within the acceptable limit of no more than 15 wt% in the final mixed
carbide product. Since the vapour pressure of MC is higher than that of oxide, the temperature
and vacuum at different steps in the process must be judiciously optimised so that plutonium
volatilization losses are minimised. The two main steps in the fabrication are:

• Synthesis of (U,Pu)C in the form of buttons, fine powders, clinkers, granules, spheroids or
microspheres, starting either from metal or the oxide.

• Consolidation of (U,Pu)C in the form of a fuel pellet by arc melting and casting, vibratory
compaction or cold pressing and sintering.

Keeping in view the small annual requirement of fuel for FBTR a kilogram scale
fabrication facility was set up at Trombay to produce carbide fuel pellets from UO2 and Pu O2
powder. The fabrication facility has two main wings, the pellet production wing and the
process control wing. The pellet production set-up consists of 12 connected 1 to 2 mJ glove
boxes housing the powder metallurgy equipment. The process control wing consists of
necessary instruments installed inside glove boxes for rapid physical and chemical analysis of
the feed materials, process intermediates and the final product with respect to oxygen,
nitrogen, carbon, uranium and plutonium, metallic impurities, phase contents and specific
surface area of the powder.

High purity nitrogen is used as inert cover gas in all glove boxes on a "once through"
basis at a flow rate of 60-100 1/min in order to have three or four box volume changes per
hour. The glove boxes have high degree of leak-tightness, better than 0.02 vol% leakage per
hour and are maintained at a slightly negative pressure of 50 to 200 Pa.

2.1. Stages for manufacture of pellets

The diameter of fuel pellet was based on the available stainless steel hardware procured
initially for a mixed oxide core. The various stages for manufacture of pellets are given below:

2.2. Carbothermic reduction of oxide

UO2, Pu O2 and graphite are weighed with an accuracy of 0.01 g and the mixture is
milled and ground for 12 hours in a planetary ball mill using agate bowls and tungsten carbide
balls. The powder mixture is next pre-compacted at 7.5 MPa and then granulated and
compacted at 75-150 MPa to approx. 10 mm diameter and 2 to 3 mm high tablets.

52



U02(Powder)
Carbon (Powder)

(Nuclear Grade Graphite) PuO_ (Powder)

Weighing
C Stoichiometry: 99%

Chemical Analysis:
Uranium, Plutonium,
Carbon and Impurities

Grinding and Mixing
12 h

T

Tableting
75 to 150 MPa

Carbothermic Reduction
1748 K, 4h, Vacuum = 1Pa

Analysis
1. Uranium, Plutonium,

Oxygen, Nitrogen
Carbon and Impurities

2. Phase Contents

Crushing
MC Clinkers

Zinc Behenate = 1 wt %
Naphthalene = 1 wt %

Ball Milling
12 h

J_
Precompaction

75 to 150 MPa

Granulation
710- pm Granules

Final Compaction
450 MPa

and

Dewaxing
373 to 423 K

623 to 723K,2h
. 2
.in

h,
Ar+8%H2

1. Uranium, Plutonium,
Oxygen, Nitrogen
Carbon and Impurities

2. Phase Contents
3. Dimension and Density
4. Plutonium Distribution

Sintering
1923K, 4h, in Ar+8% H

d.
Pellet Inspection

Physical and Chemical

Fig. 1 Flow sheet for fabrication of (Uo.3Puo.7)C pellets
from UO2, PuO£ and graphite feed materials.

53



Approximately 600 g of these tablets are loaded into tantalum cups and subjected to
vacuum carbothermic reduction at 1748 K for 4 h at approx. 1 Pa. Under these conditions,
nearly 100% conversion to carbide has been achieved while keeping plutonium volatilization
loss between 1 and 2 wt%.

2.3. Sintering of mixed carbide

The mixed carbide clinkers are crushed in a cross-beater mill and then milled for 12
hours in a planetary ball mill in batches of 0.8 to 1.2 kg in an agate bowl with tungsten carbide
balls.

Next a binder-lubricant combination of napthalene and zinc behenate is mixed with the
carbide power for 1 hour. This carbide binder powder mixture is pre-compacted between 75
and 150 MPa granulated and finally compacted at 450 MPa in a hydraulic press. The pellets are
then loaded on tungsten trays, kept in a molybdenum charge carrier and de-waxed in a flowing
Ar +8% H2 atmosphere at 373 to 423 K for 2 h to remove the naphthalene and at 623 to 723
K for 2 h to remove the zinc behenate. The de-waxed pellets are subsequently loaded in a
sintering furnace and sintered at 1923 K for 4 h in Ar +8% H2. The resulting mixed carbide
pellets have a shining steel lustre and meet all the required specifications.

These pellets having nominal diameter of 4.18 mm are put in clad tubes and sealed by
welded end plugs. 61 pins are assembled to form a fuel subassembly.

3. PERFORMANCE OF MIXED CARBIDE FUEL

A small core with 23 fuel SA, called Mark 1, of the above composition was loaded in
FBTR. At the time of loading, the limits set for the fuel were 250 W/cm for peak linear heat
rating and 25000 MWd/t for peak fuel burnup. These limits were revised after detailed analysis
to 320 W/cm and 50,000 MWd/t respectively. At present the fuel has crossed a peak burnup of
40,000 MWd/t without any failure.

3.1. Linear heat rating

The design criteria followed in fixing the allowable operating heat rating of fuel, is that
there should be a margin of at least 15% between operating linear heat rating and the safety
limit. The safety limit is defined as the rating at which incipient melting occurs after taking into
account all uncertainties in properties and operation. The overpower trip threshold is set within
the safety limit to take care of overshoot during transients.

3.2. Determination of safety limits

Maximum uncertainty in determining safety limits is caused by uncertainty in operating
and linear power, the fuel-clad gap conductance, because of tolerances specified on clad
outside diameter and thickness and pellet diameter. The cold diametrical gap varies over the
range of 0.06 - 0.30 mm for fresh fuel. The gap conductance also varies with the linear heat
rating because of temperature dependence of the hot gap and thermal conductivity of helium.
There could be restructuring of fuel in reactor due to cracks developing owing to thermal
stress and this could reduce the gap to some extent. In the out-of-pile tests, the fuel specimens
were heated electrically up to a rating of 500 W/cm. The theoretical analysis without taking
into account restructuring gave a design safety limit of 373 W/cm on linear power for fresh
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fuel and 800 W/cm for fuel fully in contact with clad and reaching a saturated value of gap
conductance of 1.5 W/cm2-K. With this safety limit, the operating heat rating was limited to
320 W/cm for Mark-1 core fresh fuel untill some data on the swelling rate of fuel is obtained.

3.3. Burnup

Since carbide fuel of this composition is being used for the first time, there is no data
available on the burnup capability of the fuel. The unavailability of data on swelling and creep
causes uncertainty in predictions. Most of the data available for carbide fuel in literature are for
standard mixed carbide fuel containing 15-20% PuC. This data have been suitably modified
and adopted for FBTR fuel. The analysis to arrive at the achievable burnup is divided into two
phases. In each phase different phenomena dominate and the total achievable burnup is the sum
of the two. The first phase is known as free swelling phase in which the initial gap provided
between clad and fuel pellet closes on account of fuel swelling due to irradiation. The
achievable bumup in this is governed by linear power. For finding temperature distribution, the
gap conductance is an important parameter. As the fuel bums, the fuel swells and the gap
between fuel and clad reduces thereby increasing gap conductance. This reduces fuel centre
temperature. Gap conductance keeps on increasing as the burnup proceeds and reaches a
steady-state value as the fuel clad contact occurs. The time taken to reach this point determines
the attainable burnup in the free swelling phase.

The second phase of the analysis is known as Fuel Clad Mechanical Interaction phase
(FCMT). In this phase, once the pellet and clad make physical contact with each other, any
further swelling of fuel exerts pressure on clad resulting in various stresses on fuel and clad
thereby producing creep in them. FCMI pressure goes on increasing till a steady state
equilibrium is attained between fuel swelling, clad creep and fuel creep. The steady-state value
of gap conductance is assumed to be 1.5 W/cm2"K. The swelling rate of fuel becomes constant
when the gap conductance saturates at the steady-state value. The life of fuel pin achievable in
FCMI phase depends on creep rupture life of clad corresponding to FCMI steady state
pressure.

The attainable burnup for Mark-1 core fuel of FBTR have been estimated for the entire
core for a peak linear heat rating of 320 W/cm in order to consider the enhancement of burnup.
The attainable burnup values for nominal temperature conditions and hot-spot temperature
conditions are calculated. It indicated that burnup of 50,000 MWd/t is possible in the centre of
core.

4. SPENT FUEL STORAGE

In FBTR fuel is discharged from the core and kept in an internal storage within the
reactor vessel for cooling. It remains there until the decay heat reduces to less than 400 W.
During subsequent fuel handling campaigns, the cooled fuel is removed from internal storage
to the external storage with the help of a shielded and leak tight flask. External storage is a dry
storage where shielding is provided by steel. Storage is divided in two zones, fissile zone and
non-fissile zone. The storage capacity of fissile zone is 207 SA. Non-fissile zone can store 619
SA. The spent fuel is kept in an argon filled leak-tight container. The container is deposited in
the spent fuel storage by transfer carriage and a shielded flask called secondary flask. In the
external storage the container is cooled by forced circulation of air. The container is made
leak-tight with multiple silicon O-rings. To maintain leak-tightness over prolonged storage, a
low melting alloy seal has been provided over and above the O-ring seals.
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The fuel along with the container is transferred by secondary flask, which deposits the
container in an underground flask. The underground flask transfers the fuel SA to the cell of
the radiometallurgical laboratory (Irradiated Element Inspection Laboratory) through an
opening in the floor of the cell. Cutting of fuel SA and PIE is carried out in the cell. From there
it is sent to the reprocessing facility.

5. POST IRRADIATION EXAMINATION

As mentioned above, the free swelling rate of the fuel has been derived from the data
on (15-20% Pu-U)C fuel from literature and peak linear heat rating has been increased from
250 W/cm to 320 W/cm. To verify the data and to understand the behaviour of fuel and clad,
Post-Irradiation Examination (PIE) was carried out on a fuel subassembly (SA) discharged
from FBTR after reaching a burnup of 25,000 MWd/t. In addition, PEE excluding
metallography has been carried out on four experimental fuel pins irradiated in FBTR. These
fuel pins contain fuels with the present core composition as well as the proposed expanded
Mark-II core of composition (55% Pu C, 45% UC). The irradiation experiments are
undertaken to understand the beginning of life performance of these fuels, compare the
performance of the fuel compositions of the present Mark-I core and of the proposed
expanded Mark-II Core.

5.1. PEE facility

PIE facilities at the Radiometallurgical Laboratory can handle and examine highly
irradiated advanced fuels in the inert gas (nitrogen) atmosphere hot cells where temperature,
pressure and cell atmosphere are closely monitored and controlled. The PIE facilities consists
of seven concrete shielded hot cells and a few lead shielded cells. A wide spectrum of
non-destructive and destructive examination are covered. The following are performed in the
cells:-

1. Sodium removal from fuel SA by ethanol;
2. Dismantling of fuel SA without damaging the pins by remotely operated CNS drilling and

milling machines;
3. Neutron radiography in 30 kWt swimming pool type reactor KAMTNI installed below the

hot cells;
4. Leak testing of fuel pins by glycol leak test;
5. Measurement of diameter of fuel pins;
6. Eddy current testing of fuel pins to detect abnormalities on the clad tube as well as at clad-

fuel interface;
7. X-radiography of fuel pins;
8. Micro gamma scanning to evaluate the fissile column length, distribution of fission products

and burnup;
9. Preparation and examination of metallographic specimen from fuel pin.

5.2. PIE of FBTR fuel subassembly

Central fuel SA from FBTR with total burnup of 25,036 MWd/t and peak linear heat
rating of 320 W/cm was discharged in July 1996 and taken up for PIE. The following were the
observation:

1. The shinning visual appearance of hexagonal sheath after sodium cleaning indicated no
corrosion;
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2. Dimensional measurement on hexagonal sheath did not show any swelling or bulging;
3. Fuel pins extracted from SA did not show any corrosion or deformation on visual

examination. Only the central fuel stack regions of clad appeared coloured due to effect
of temperature;

4. Glycol leak testing of fuel pins did not indicate any leak;
5. Measurement of diameter and length of pins indicated no deformation of clad;
6. Eddy current test of fuel pins did not indicate any surface defect or abnormality on the

clad tube. The location of spring support indicated that pellet length has increased due to
swelling of fuel;

7. X-radiography of fuel pins indicated increase in fuel stack length in the range of 2.17 mm
to 5.35 mm;

8. Metallography was done on two pins. Several cracks at the middle section of fuel were
observed. The fuel-clad gap was seen to be closing due to cracking as well as swelling of
fuel.

The average swelling rate estimated from X-radiography results of nine pins as well as
measured from the metallographic cross sections is approximately 1.2% per atom percent
buraup. This indicated that the swelling rate for FBTR fuel has been lower than the predicted
values. Hence linear heat rating can be further raised and is targeted as 400 W/cm based on
analysis. The presence of fuel-clad gap seen in the metallographic cross section as due to
cracks, indicate that, space is still available to accommodate further swelling of fuel. Hence fuel
burnup can be further raised and is targeted as 50,000 MWd/t.
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6. KAMINI REACTOR

The KAMINI reactor was made critical in October 1996 at IGCAR. It is located below
the hot cells of the radiometallurgy laboratory. It is a neutron source, pool type reactor. It is
used for activation analysis and neutron radiography. KAMINI is a U233 - aluminium alloy
fuelled, light water moderated, beryllium oxide reflected reactor with thermal power of 30 kW.
The fuel alloy contains 20 per cent uranium. A little less than 600 gm of U233 is used in the
reactor core. 25 mm x 5.5 cm, 1 mm thick fuel plate is sheathed in 0.5 mm thick aluminium
sheet. Eight such fuel plates are assembled in an aluminium frame to form one fuel
subassembly. Nine such fuel subassemblies are used in the reactor core in a square matrix of 3
x 3. Beryllium oxide reflector of 20 cm thickness is used all around and at top and bottom of
core. The reflector consists of BeO of different sizes and shapes encased in Zircaloy boxes.
These reflector blocks make it possible to progressively decrease the, rate of reactivity addition
during approach to criticality, and they can be used for long term compensation of reactivity
loss due to fuel burnup. The reactor vessel is a cylindrical tank of 1 m height. The safety
system of the reactor consists of a fast acting primary shutdown mechanism using two
cadmium plates sandwiched in aluminium, falling into the reactor core under gravity. The
reactor regulation is also accomplished with the help of these two cadmium elements. Highly
active fuel SA discharged from FBTR can be transferred from the hot cell to a position in front
of one of the beam tubes of KAMINI reactor through a sealed pipe.

The average neutron flux is about 1012 n/cm2-s and at radiography site it is 106"107

n/cm2-s. U233 used in KAMINI was recovered from thorium irradiated in CIRUS reactor. At
present there is no plan to reprocess the spent fuel of KAMINI.

7. FUEL REPROCESSING

The success of fast breeder technology lies in the successful closure of the fuel cycle
through reprocessing route. Fast reactor fuel reprocessing (FRFR) in India is a step to utilise
the existing natural uranium resource effectively and also to tap the vast thorium resources of
the country.

7.1. Fast reactor versus thermal reactor fuel reprocessing (TRFR)

The fuel of fast reactors which contains high plutonium contents needs a higher order
of critically safe equipment. Therefore, it cannot be reprocessed in TRFR plants. As the short
cooled fuel has high radioactivity, there is need to develop fast solvent contactors to reduce the
solvent damage. The presence of large plutonium content demands leak-tightness of high order
due to alpha particles.

7.2. Reprocessing FBTR fuel

The fuel is highly refractory in nature and its high radioactivity (approx. 1 TBq/g)
makeing the reprocessing a highly challenging task.

Reprocessing involves a number of unit operations, fuel dissolution, fluid transport,
evaporation, distillation and precipitation. The heart of the process is solvent extraction. The
well proven operations become complicated owing to the necessity of carrying out these
operations behind shielded cells. FBTR fuel reprocessing is based on the well proven purex
process. The spent fuel is sheared in a single pin chopper and then dissolved in an
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electrochemical dissolver. The resulting solution after adjusting the valency of Pu to IVth state
is processed in the solvent extraction plant using 30% Tri-n-Butyl Phosphate
(TBP)/n-dodecane as the solvent. TBP has a very high distribution coefficient for U, Pu
compared to fission products. U, Pu can be selectively separated from fission products in a
number of solvent extraction stages in counter current mode. As shown in flow sheets, there
are two co-decontamination cycles, followed by a partitioning step wherein U and Pu can be
separated from each other by reducing PU(IV) to PU(III) - an inextricable species, in an
electro-reductive mixer-settler. Final U, Pu purification cycles result in meeting the required
product specification.

7.3. Fuel dissolution

During dissolution of spent fuel, platinum group fission products remain as insoluble
residues. Main components being Mo, Tc, Ru, Rh and Pd. The fine particles of these fission
products distribute themselves between the aqueous and organic phases, leading to poor
decontamination of the final product U and Pu.

It is difficult to dissolve carbide fuel and the by-product, soluble organic acids viz.
oxalic acid and maletic acid etc., which interfere in the solvent extraction step are not
destroyed. Both these problems are overcome by the development of Electro-Oxidative
Dissolution Technique (EODT), which involves the dissolution of the fuel in 11. 5 M nitric
acid containing redox intermediate Ag2+. The Ag2+ generated in situ at the anode in the
dissolver catalyses the dissolution and at the same time destroys the soluble organic acids to
CO2 and H2O.

The dissolver is made of titanium where dissolution of fuel is carried out in nitric acid
with silver nitrate as catalyst. The titanium dissolver body acts as cathode while platinum
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coated stainless steel wire mesh acts as anode. The dissolver solution is clarified in a small
diameter high speed centrifuge where almost all the insoluble residues are removed from the
solution.

7.4. Solvent extraction

The presence of Pu in high concentration in organic solvent complicates the extraction
behaviour due to the formation of a third organic phase which upsets the hydraulic
performance of the extraction units. SJMPSEX (SIMulation Program for Solvent Extraction
(Kumar and Kogants, 1996)) code was developed for the analysis and simulation of flowsheets
employing TBP as the solvent.The process employs low pressure evaporation and distillation
where in both TBP and dodecane can be'recovered and reused.

8. SUMMARY

Normally highly enriched UO2 fuel is used in a small fast reactor. In FBTR enriched
uranium was planned to be replaced by PUO2 (U 0.24 - Pu 0.76)02. Out-of-pile tests indicated
non-compatibility of this fuel with sodium. Therefore, fuel of 70% PuC - 30% UC was selected
as driver fuel. Fabrication of (U,Pu)C pellets is more expensive and difficult than that of
(U,Pu)O2. Oxides of plutonium and uranium are subjected to vacuum carbothermic reduction
and then sintered to form pellets. Fuel SA are made from these pellets and loaded as Mark-I
core into FBTR. This fuel has crossed a peak burnup of 40,000 MWd/t without any failure.
PIE was done on one SA after 25000 MWd/t burnup. The result confirmed the conclusion
drawn by analysis and fuel was cleared for burnup of 50000 WMd/t. The FBTR spent fuel is
stored in a dry storage before sending for PIE and reprocessing. KAMINI, uses U233 as fuel
and acts as a neutron source. Closing the fiiel cycle is important for breeder program. High
radioactivity and highly refractory nature of spent fuel make reprocessing a very challenging
task. FBTR fuel is reprocessed by the well proven purex process. Spent pins are sheared and
disolved in electrochemical dissolver. This is followed by solvent extraction.
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