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Abstract

The closed fuel cycle philosophy adopted by India and the large thorium reserves
available forms the basis of our planned 3-stage nuclear power programme.
Utilisation of Pu in fast reactors is the primary goal and interim use in the BWRs
and PHWRs is being pursued through the technologies developed for achieving these
goals. Development work relating to Th-U233 system is in progress to enable the
realisation of the large energy potential of the thorium reserves.

1. Introduction

In India, we have somewhat limited reserves of uranium and fairly large reserves of
thorium, which are the basic materials of the nuclear power programme. With this
resource position, the Department of Atomic Energy has planned a 3 stage programme
for the growth of nuclear power in our Country. The first stage has commenced with
Pressurised Heavy Water Reactors (PHWRs) using natural uranium oxide as fuel.
Plutonium (Pu) produced in these reactors is planned to be used in the second stage
for its multiplication through breeders running on Pu-U238 cycle.

Towards the end of the second stage, as the U238 gets consumed, production of
U233 from thoria will be taken up. In the 3rd stage, the U233 produced in the
second stage breeders will be used for running reactors based on U233-Th cycle. Use
of Th in the 3rd phase would enhance the energy potential to the extent of 6 times
over the U238-Pu cycle and is expected to be the mainstay of our energy scenario
for the next century.

As such, for the present, our nuclear power generation is through a series of
PHWRs of 220 MWe capacity using Nat.UO2 fuel, expect for two BWRs of our
Tarapur Atomic Power Station (TAPS) which use LEU fuel. The closed fuel cycle
philosophy adopted by us yields Pu intended essentially for the fast reactor
programme, for which a beginning has been made by the starting of the Fast Breeder
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Test Reactor (FBTR) at Kalpakkam in the mid-80s'. The FBTR is fuelled with mixed
carbide of composition (PuO.7 U0.3)C. Further, as an interim measure for utilisation of
Pu due to delays in the fast reactor programme, we have started a programme on
MOX fuel, initially for use in our BWRs, and to be followed by a recycle
programme in the PHWRs. Also, as part of our strategy for utilisation of Th, an
Advanced Heavy Water Reactor (AHWR) is under development which would use
MOX with ThO2- UO2 to generate most of the energy from U233, bred in-situ from
thorium.

This paper deals with some of the aspects of fabrication and experience gained with
the MOX fuel for the BWRs, mixed carbide fuel for the fast reactor, and plans for
the future which include the PFBR, technologies such as co-reprocessing of spent fuel
with modifications to the PUREX process etc.

2. MOX Fuels

MOX fuels are planned for use in our BWRs and PHWRs, and these aspects are
discussed in this section.

2.1 MOX Fuel for BWRs

With the background of international experimental irradiations and programmes on
MOX fuel, we also examined the feasibility of recycling Pu, initially to be taken up
in the BWRs to utilise the nuclear fuel resources to the maximum extent possible. We
studied the operation of our BWRs at TAPS with a mixed core consisting of MOX
and LEU fuel assemblies. The preliminary studies established feasibility, although to
be limited to l/3rd of the core for MOX fuel. Experimental irradiations[l] of
prototype MOX fuel elements were carried out in our research reactor CIRUS,
wherein modest burnup targets were achieved without any fuel failures. Subsequently,
detailed studies on all aspects of Pu recycle were undertaken and design of a MOX
fuel assembly to substitute the LEU assemblies partially was evolved. Analyses of fuel
behaviour under transient conditions were also performed. The fuel assembly design,
which has the same mechanical design of the LEU assembly [Fig.l(a)] is shown in
Fig.l(b) and consists of an array of 6 x 6 rods, with one water rod in the spacer
capture rod position. An All-Pu fuel rod assembly[2] was chosen to maximise the Pu
content in the assembly, which could also satisfy the local peaking criteria. 3
compositions of MOX are used in the assembly, designed without burnable poisons.
Table-I gives some of the nuclear parameters of the MOX and LEU fuel with Gd.

Based on the earlier work, a flow-sheet for MOX fuel manufacture (Fig.2) was
selected and a plant was constructed at Tarapur where the manufacturing of MOX
fuel assemblies has been in progress. The first 6 assemblies produced here have been
undergoing irradiation in the two reactors. Two assemblies loaded at the first instance
in one of the reactors have so far accumulated a burnup of 10,000 MWd/Te (at
present in the second cycle), and the other four loaded in the second reactor have
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crossed a bumup of about 3,500 MWd/Te (in the 1st cycle). The in-pile performance
of these assemblies has been quite satisfactory so far. The reactors employ 3-batch
cycling of 18 months, with the average burnup for LEU fuel at 20,000 MWd/Te. For
MOX fuel, a discharge burnup limit of 15,000 MWd/Te has been set in order to limit
the reactivity due to the absence of Gd. It is now planned to step up scale of
production and introduce more such MOX fuel assemblies at this Station.

Further studies are in progress for the introduction of burnable poison rods in this
MOX fuel assembly to enhance the reactivity and facilitate 18 month cycle
operation[3]. This would also be one of the steps enabling enhancement of Pu content
in the reactor core.

2.2 MOX for PHWRs

A study has been under way to realise the extension of fuel burnup from 7,000
MWd/Te obtainable with nat.UO2 fuel used in our PHWRs to about 10,500 MWd/Te
by using a small addition of Pu to the central 7-rods of the 19-rod PHWR fuel
bundles[4]. This scheme has major advantages to the back-end of the fuel cycle while
facilitating interim utilisation of Pu in the larger numbers of our PHWRs. The fuel
bundle design evolved, based on this study, is shown in Fig.3 and some of the
features of this design are shown in Table-H This scheme also makes it possible to
introduce Th in these reactors on a once-through basis. A batch of such MOX fuel
bundles are scheduled for fabrication and study of in-pile performance.

3. Fast Reactor Fuels

The on-going programme on the mixed carbide fuel for the Fast Breeder Test
Reactor(FBTR) and plans for fuelling the Prototype Fast Breeder Reactor (PFBR) with
mixed oxide fuel, are discussed in this Section.

3.1 Mixed Carbide Core of FBTR

The Fast Breeder Test Reactor (FBTR) located at Kalpakkam and commissioned in
the mid-80s' is a sodium-cooled loop-type reactor, fuelled with the mono-carbide
(PuO.7UO.7)C. The reactor has operated, to date, up to 12.5 MWth, with a small
carbide core comprising of 26 fuel sub-assemblies. This advanced fuel has performed
satisfactorily with 320 W/cm peak linear heat rating. Recently, a maximum fuel
burnup of about 40,000 MWd/T has been achieved and irradiation is continuing. The
central fuel assembly, at a burnup of about 25,000 MWd/T (15 d pa), was discharged
for post irradiation examination early this year. On completing visual examination of
the 61 pin fuel sub-assembly, dimensional measurements were carried out and fuel
pins were dismantled. Some of these were subjected to leak testing, ultrasonic testing,
metrology, eddy current testing, X-ray radiography, etc.[5]. Cut sections of the pins
were subjected to metallography and Fig.4 shows some typical cross-sections. There
was no swelling or bulging of the sheath in the fuel region of the sub-assembly. Pin
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diameters were within the original limits and there was no clad deformation. Eddy
current testing indicated that the stack length had increased. Further examination
revealed that the pellet-clad gap was closing due to cracking and swelling of the fuel.
Space is still available for accommodating further swelling of the fuel. However, the
swelling rate will be reducing due to lowering of centre-line temperature of fuel due
to gap closure. This fuel has been designed for a burnup of 50,000 MWd/T and is
expected to attain this target in a satisfactory manner.

At this stage, an enhanced core has been under consideration and it is planned to
have a larger core with about 60 fuel assemblies of (PuO.55 U0.45)C composition to
enable 40 MWth operation of the reactor. All preliminary studies, including irradiation
trials, have been completed and fabrication of this core with characteristics given in
Table-IH is in progress at BARC.

3.2 Prototype Fast Breeder Reactor (PFBR) Fuel

A 500 MWe pool-type sodium-cooled PFBR is under detailed design, which is
planned for construction shortly and generation of power during the next decade, at
Kalpakkam. The chosen fuel is mixed oxide, and its design data is given in Table-TV.
The 2-zone core fabrication is scheduled for commencing by about 2005. Annular
pellet design is being adopted, with D-9 alloy as the cladding material. The reference
route for fuel fabrication is the pellet-in-tube process, the feed material preparation
being through the sol-gel process, for which developmental activities have been under
way at our Radio-Chemical Labs, for some time now. Experimental irradiation of this
fuel is to be taken up shortly and preparatory fabrication development work is
currently in progress at the MOX plant at Tarapur.

4. U233 based fuels

Thorium/Thorium oxide rods have been irradiated in our research reactors over
many years, and separation of U233 has been carried out on campaign basis in our
reprocessing facilities, in a separate line, set up for this work. A1-U233 alloy
fabrication route, for plate-type fuel, has been developed at our Radiometallurgy
Laboratory.

4.1 Plate-Type Fuel

A 30 KWt U233 fuelled, light water research reactor KAMDSIL located in the line
of hot cells for the PIE of fast reactor fuels, has been brought into operation for the
purpose of neutron radiography (mainly fast reactor fuel) and activation analysis. This
reactor uses plate-type fuel through ingot-melting route, followed by roll-bonding and
roll-swaging[6] stages for the picture-frame assembly preparation.

4.2 Pellet Fuels



For the remote fabrication of pellet type U233-containing fuels the pellet-
impregnation technique has been studied[7]. Here, ThO2 pellets sintered to about 80%
theoretical density, are impregnated in uranyl nitrate solution, dried and sintered at
1700oC for obtaining the desired density. The ThO2-UO2 forms a solid solution. The
impregnation and subsequent processing is carried out in shielded enclosures. As an
alternate to this process, sol-gel micro-sphere pelletisation may be adopted. Here,
dust-free, free-flowing microspheres of the mixed oxide fuels are produced through the
gelation route, calcined, pelletised and sintered to high density pellets[7]. This process
is also well-suited for automation and remotisation.

4.3 Advanced Heavy Water Reactor Fuel (AHWR)

The AHWR design is under way and is being planned for development in the next
few years. The reactor has several passive safety features and will enable thorium
utilisation, by energy generation largely through in-situ burning of U233. The AHWR
fuel cluster will have 52 pins arranged in a square array. The MOX pins in this
cluster will be surrounded by ThO2 pins, and Zircaloy-2 will be the cladding
material. This reactor is of great interest to our power programme and the
development work relating to various aspects is planned to be pursued vigorously.

5. MOX through Co-Processing Route

As a proliferation-resistant and technologically innovative approach for closing the
fuel cycle, we are considering reprocessing and recycle of U and Pu together, without
their individual separation, for the LWR spent fuel. The residual enriched U and Pu
in the spent fuel can be utilised for fabrication of MOX for the PHWRs. This
methodology would involve the co-processing and recovery of U and Pu together by
the PUREX process, co-conversion of U and Pu product mix into their oxides, and
fabrication of the PHWR-MOX fuel.

The proposed scheme[8] for the co-processing of Pu and U is shown in Fig.5.
Essentially, the decontamination cycles are repeated till the fission product
decontamination is achieved to desired levels, and the partitioning stage is manipulated
to strip Pu fully and requisite amount of U will be made to follow this Pu so that
the stripped product has 95% U and 5% Pu. This would be the master-feed for
further dilution with U, and further conversion to MOX using co-precipitation/direct
densification/sol-gel process as suitable, can be effected. Different aspects of this
scheme - technical and economic - are under examination in this regard.

6. Conclusions

For the Indian power programme with the closed fuel cycle philosophy, plutonium
is a resource material and technologies to utilise it in fast/thermal cycles are being
pursued. The utilisation of our large thorium resources needs exploitation of
technologies for the Th232-U233 system, for which a beginning has been made. The
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implementation of these schemes alone can help to meet the large demand for nuclear
power needed by us in the coming decades.
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Table-I. Nuclear Features of MOX

No.

1.

2.

3.

4

5.

6.

7.

i.

9.

10.

11.

12.

13.

14

15

16.

parameter

K*

K«,

K.

K.

LPF

1
(uscc)

1
(Msec)

a

A

(Control)

AK/K
(Control)

Fuel Temp.
Coeff.
(x 10VC)

Mod.Tcmp.
Coeff.
(x 10-7°C)

ModTemp
CoefT
(x lOV'C)

Void Coeff
(x 10° BOC
per % void)

Void Cocff.
(xlO'EOC
pxr % void)

J
Core conditions

Cold, no xenon and
0 GWD/ST bumup

Hot, xenon and
0 GWD/ST bunrop

Hot^icnon, 4O*/o void
and 0 GWD/ST bumup

Hot,xenon,40% and
10 GWD/ST burnup

Hot,xenon,40% void
and 0 GWO/ST buniup

Cold and 10 GWD/S'f
bumup

Cold end 10 GWD/ST
bumup

Cold and 0 GWD/ST
bumup

Cold and 10 GWD/ST
bumup

Cold, no xenon and
0 GWD/ST burnup

Cold, no xenon 40%
void

585-1000 °C fuel
temp, 0 GWD/ST

200-286 °C mod
temp, BOC

200-286 °C mod.
lemp, EOC

20%-40% void

2(l%-40% void

PUELTYP15
MOX LEU fuel with Gd

1.264

1.217

1.179

1060

1 172

24.9

30.1

0.0O41

0.0042

1.168

0.242

-2.55

-2.70

-227

-1 38

-1.24

1.162

1.119

1099

1.081

1 189

316

382

0.0077

0.0061

1.187

0.274

-228

-228

-1.91

-1 11

-1.07
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Table-II. Some Features of MOX-7 Fuel Bundle for PHWR

1 FUEL BUNDLE DESIGN : MOX-7

2. BUNDLE POWER DISTRIBUTION
[From Center to Periphery]

a) Start of irradiation

b) 10 GWd/Tc burn-up

3. FUEL/BURNUP (MWd/Te)

a) Inner Zone

b) Outer Zone

c) Average

4 MAXIMUM BUNDLE POWER (kw)

5 MAXIMUM CHANNEL POWER

6. REACTIVITY WORTH AND
ADJUSTER RODS

Inner 7 rods with
0.4% PuO:

Outer 12 rods with
Nat.UO2

1.032 1 175 0.910

0.910 0.969 1.023

Nat U/11,000

Mox-7/10,200

10,700

422 in Nat.U bundle

3.11MW

13 2milli-K

- 14-



Table-Ill. Characteristics of FBTR-Mark-II Fuel

1. Composition - 5 5% Pu C - 45% UC

2. U + Pu - 94 - 95%; Pu - 52.9 + 0.0%
- 0.2%

3 C - 5 . 0 3 % Max.

0 -- 5,000 ppm

N - 2,000 ppm.

M2Ca-5-15%

4. Pellet Dia. : 4.18 ±0.05 mm

Density (%T.D) : 86+1
"2

Linear mass : 160 ±0.04 (g/cm)

5. Pin; Outer Dia . 5.1 ± 0.03 mm
I.D : 4 36 mm
Length : 531.5+ 0.4 mm

- 1 2

Bow ; 2 in 1,000

Fissile Column length : 320 ± 1 5 mm

Spacer wire pitch ; 90.0 ±4.0 mm

We.ld TIG, 110% penetration.
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Table-IV. Major Specifications of Mixed Oxide Fuel for PFBR

1.

2.

3.

4.

5

6.

7.

8.

9.

PuO2 Content (Wt.%)
(Zone I/Zone 2)

Diameter (mm)

Central Hole
Diameter (mm)

Length (mm)

Density (% T.D)

Linear Mass (g/cm)

0/M

No isolated Pu-rich clusters =

21/27

Solid
5.55 ±0.04

-

10

87.0 ±1.0

2.33±0.08

1.95

> 100 micron in diameter

Complete solid solution between UO2 & PuO2.

Annular
5.56 ± 0 04

1.70 ±0.10

10

96.0 ±1.0

2.33 ±0.88

1.95
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L=1.6X U235

M=2.1% U 2 3 5

H=2.6% U

Fig. l(a)

235

MOX Assembly

L=0.9% Pu

M=1.55% Pu

H=3.25% Pu

Fig. 1 LEU & MOX Assembly Design
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Fig. 2 Flow Sheet for MOX Assembly Fabrication
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