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Abstract

India, has an extensive programme for nuclear power that is self reliant to achieve long term
energy security. This paper describes the Indian experience in structuring and implementing the
national nuclear programme turned to its natural resources.

1. INTRODUCTION

Nuclear energy is important to ensure long term energy security for India. The Indian
domestic reserves of uranium are rather small, and those of thorium quite high. To fully
exploit these resources, India has adopted a three-stage nuclear power program, based on a
closed fuel cycle. These three stages are depicted in Figure 1.

In the first stage, construction and operation of natural uranium based pressurized
heavy water reactors (PHWR) are envisaged. Indigenous resources can support about 10,000
megawatt electric (MW(e)) of installed capacity through use of PHWR without plutonium
recycling. The second stage is based on fast breeder reactors (FBR) fuelled with plutonium
from reprocessing spent PHWR fuel. These reactors will breed plutonium and uranium-233.
In the last stage, reactors operating on thorium and uranium-233 will be constructed.

Currently, India operates eight PHWR and two boiling water reactors (BWR) having a
total rated installed capacity of 1840 MW(e). Four reactors of 220 MW(e) are under
construction, and additional 220 MW(e) and 500 MW(e) reactors are planned. A 40 megawatt
thermal (MWth) fast breeder test reactor (FBTR) is in operation, and the design of a 500
MW(e) prototype fast breeder reactor (PFBR) is near completion. Design of a thorium fuel
based advanced heavy water reactor (AHWR) is underway.

2. AN OVERVIEW OF THE EVOLUTION AND GROWTH OF THE INDIAN NUCLEAR
POWER PROGRAM

2.1. Research and development

2.1.1. Bhabha Atomic Research Centre

The Indian nuclear program began in 1945 with the establishment of the Tata Institute
of Fundamental Research (TIFR). In 1957, research and development specific to nuclear
energy was shifted to the newly established Atomic Energy Establishment Trombay (AEET),
renamed Bhabha Atomic Research Centre (BARC) in 1967. Over the past several years, a
multidisciplinary infrastructure for conducting research and development (R&D) in nuclear
sciences and engineering has been set up at BARC. This includes several research reactors, a
large number of laboratories and other research facilities dealing with basic as well as applied
sciences, and engineering development. Most of the other units of the Indian Department of
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Atomic Energy (DAE), dealing with various aspe of the nuclear power program, originated at
BARC. Table I is a chronological summary of important milestones, reached by BARC.
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FIG. 1 Phases of the Indian nuclear program.

2.1.2. Indira Gandhi Center for Atomic Research

Initial R&D on fast reactors, including sodium technology, was started at BARC.
Realizing the importance of fast reactors in the overall nuclear power program of India, work
started in 1971 to set up a Reactor Research Centre (RRC) at Kalpakkam, essentially to
develop fast breeder technology. RRC was renamed Indira Gandhi Centre for Atomic
Research (IGCAR) in December 1985. Research and development for the fast reactor
programme is now mainly conducted at this Centre, which has modern facilities to develop
and test fast breeder reactor materials, components and systems, including those to work with
high temperature sodium.
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TABLE I. SOME MILESTONES REACHED BY BARC

1955 Thorium Plant starts production

1957 Apsara: a one MW swimming pool type research reactor, goes critical

1959 Uranium Metal Plant produces nuclear grade uranium

1960 First lot of 10 fuel elements for Cirus reactor is fabricated

1960 Cirus, a 40 MW natural uranium fueled, heavy water moderated reactor, goes critical

1961 Zerlina, a zero-energy experimental reactor, goes critical

1961 Construction of Plutonium Plant starts

1970 Uranium-233 is separated from irradiated thorium

1971 Plutonium fuel for Purnima reactor is fabricated

1972 Purnima-I, a plutonium fueled low power experimental; reactor, goes critical

1979 Plutonium-uranium mixed oxide fuel is fabricated at Trombay

1982 Reprocessing plant at Tarapur reprocesses uranium oxide fuel discharged from
Rajasthan Atomic Power Station

1984 Plutonium-uranium mixed carbide fuel for FBTR is fabricated at Trombay

1984 Purnima-II, a U-233 fueled homogeneous reactor, goes critical

1985 Waste Immobilization Plant at Tarapur is commissioned

1985 Dhruva, a 100 MW natural uranium fueled heavy water moderated reactor goes
critical

1989 Technologies developed at BARC used to rehabilitate MAPS-1 & 2 following failure
of moderator inlet manifolds. This was the first instance of major R&D support to
solve inspection and maintenance problems in power reactors, followed by many
others

1990 Purnima-III, a U-233 fueled reactor, goes critical

1992 Kakrapar Atomic Power Station Unit 1, with partial thorium loading designed by
BARC, goes critical

1996 Kalpakkam reprocessing plant is cold commissioned

1996 Kamini, a 30 kWth U-233 fueled reactor, designed to provide neutron radiography
services, goes critical at Indira Gandhi Centre for Atomic Research

1998 Feasibility report of the thorium fuel based advanced heavy water reactor is prepared
based on extensive initial studies
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2.2. Commercial nuclear power plants

2.2.1. Nuclear Power Corporation

During the late fifties, the Atomic Energy Commission (AEC) determined the
economics of the generation of electricity through atomic power reactors. AEC had drawn up
a strategy for a three-phased nuclear power program, already described, starting with PHWR.

Initially, work on the PHWR program was done at BARC. In 1967, the Department of
Atomic Energy formed a Power Projects Engineering Division (PPED) with responsibility for
design, engineering, procurement, construction, commissioning, operation and maintenance of
atomic power plants. With the proposed expansion, a Nuclear Power Board (NPB) was
formed in 1984 to implement the program. One division of NPB was devoted to design and
construction of 500 MW(e) PHWR units. The Nuclear Power Board was converted into a
Corporation and the Nuclear Power Corporation (NPC) was registered as a Public Limited
Company in 1987.

2.2.2. Tarapur Atomic Power Station

Tarapur Atomic Power Station (TAPS), based on BWR, was an exception to the three
stage nuclear power plan drawn up by the AEC. This deviation was to acquire experience
managing nuclear power station construction and operating nuclear power units, and because
power shortages in the western region could be most economically reduced by building a
nuclear power plant. This station, built by General Electric Co. of USA on a turnkey basis,
started commercial operation in 1969. The construction of TAPS was very useful to acquire
experience in the construction and operation of nuclear power plants.

2.2.3. Pressurized heavy water reactors

In parallel with the construction of TAPS, work started on a second nuclear station
near Kota, Rajasthan, as a joint Indo-Canadian venture. The first unit of this station started
commercial operation in 1972. This was followed by the construction of one more reactor at
Rajasthan and two more reactors at Kalpakkam. The emphasis at this stage was to increase
local participation in design, equipment manufacture and construction. A standardized Indian
version was designed at this point and the same design was used from Narora onwards.

A chronological account of the construction of operating Indian nuclear power plants
is in Table II. It also shows performance statistics of these plants for the previous financial
year.

On the route from Rajasthan-1 to Kakrapar-2, designs of the PHWR have been
progressively upgraded to further improve their safety, economics and reliability. At present,
four units of 220 MW(e) PHWR are in advanced stages of construction at Kaiga and
Rajasthan. A large program of construction of additional PHWRs of 220 MW(e) and 500
MW(e) capacities has been chalked out. Four units are now in an advanced stage of planning
for construction. The design of the 500 MW(e) PHWR was fully developed within India.

2.3. Fast reactor program

Studies on content of the FBR program and the type of test reactor to be built were
undertaken in the early sixties. A collaboration agreement was signed in 1969 with France for
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technical know-how to build a test reactor in India similar to the French reactor RAPSODIE.
To gain experience with the steam generators and power plant, it was decided to add these
facilities to the FBTR.

The construction of the FBTR was started in 1974 and completed in 1984. After
commissioning various systems in 1984-85, the FBTR went critical in 1985. The reactor
produced nuclear steam in January 1993 and reached a milestone when the power level was
increased to 10.5 MWt in December 1993. Rolling of the turbine using nuclear steam was
achieved in 1996 and the reactor was connected to the grid on the 11th July 1997.

Critical components of FBTR such as reactor vessels, rotating plugs, control-rod-drive
mechanisms, sodium pumps, steam generators and component-handling machines were
manufactured in India with know-how from France. Only 20 per cent of the total cost of the
reactor was in foreign exchange, paid mainly for know-how and raw materials. Sodium for the
reactor was procured from local suppliers and purified in IGCAR.

TABLE II. OPERATING NUCLEAR POWER PLANTS IN INDIA

Code

IN-1

IN-2

IN-3

IN-4

IN-5

IN-6
IN-7

IN-8
IN-9
IN-10

Name

TARAPUR-1

TARAPUR-2

RAJASTHAN-1

RAJASTHAN-2

KALPAKKAM-1

KALPAKKAM-2
NARORA-1

NARORA-2
KAKRAPAR-1
KAKRAPAR-2

Type

BWR

BWR

PHWR

PHWR

PHWR

PHWR
PHWR

PHWR
PHWR
PHWR

Net
MW(e)

150

150

90

187

155

155
202

202
202
202

Gross
MW(e)

160

160

100

200

170

170
220

220
220
220

NSSS
supplier
GE

GE

AECL

AECL/DAE

DAE

DAE
DAE/NPCIL

DAE/NPCIL
DAE/NPCIL
DAE/NPCIL

Commercial
operation
OCTOBER
1969
OCTOBER
1969
DECEMBER
1973
APRIL 1981

JANUARY
1984
MARCH 1986
JANUARY
1991
JULY 1992
MAY 1993
SEPTEMBER
1995

Capacity factor
for 1997-98 (%)
84.2

68.1

36.5

UNDER
COOLANT
CHANNELS
REPLACEMENT
48.9

78.1
90.0

89.0
48.5
62.6

Fabrication of mixed carbide fuel of high plutonium content at BARC was an
important achievement. Since the agreement to obtain highly enriched U from France did not
materialize, it was decided to develop high plutonium content carbide fuel. Earlier, mixed
oxide fuel with high plutonium content was found chemically incompatible with sodium,
which the fuel would contact in case of a breach in the cladding tube. This locally designed
and developed mixed carbide fuel set a record when used as a driver fuel for the first time in
the world. The first core was designed as a small core of 25 sub-assemblies since behavior of
the fuel was not well known. The core was designed to generate 10.5 MWt of power at a peak
linear heat rating of 320 W/cm. Based on the results of detailed post-irradiation examination
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of fuel, carried out at a burn-up of 25000 MWd/Te, the small core of the FBTR is now
licensed to operate at a linear heat rating of 400 W/cm up to a burn-up of 50,000 MWd/Te.
Other highlights of the operation of the FBTR are excellent performance of the sodium
pumps, intermediate heat exchangers and the steam generator.

Design, associated R&D and the development of manufacturing technology for a 500
MW(e) prototype fast breeder reactor (PFBR) is now in progress. Unlike FBTR, PFBR is
planned without any foreign support. For this reactor, construction will begin in a couple of
years and commissioning is likely in ten years.

2.4. Advanced heavy water reactor

An advanced heavy water reactor (AHWR) is currently under design and development
at BARC. This reactor system will expedite bridging the gap between the first and the third
stages of the nuclear program, taking advantage of experience with the PHWR. The reactor is
designed to produce most of its power from thorium, aided by a small input of plutonium-
based fuel. The reactor will have several safety features, such as passive safety systems not
requiring either external power or operator action for activation. For example, the primary
circulation system does not contain pumps; it is driven by natural two-phase convection. At
the current stage of development, the feasibility study for the reactor, establishing a
preliminary design supported by first order analytical and experimental work has been
completed and detailed design is underway.

3. EXPERIENCE WITH TECHNOLOGY TRANSFER

3.1. Tarapur Atomic Power Station

As part of the turnkey project for TAPS, complete technical documents and all
equipment were supplied, erected and commissioned by the consultants. The foreign
contractor trained technical personnel. This turnkey project was completed expeditiously and
plant performance guaranteed by the contractor. This technology transfer depended on the
contractor for problem solving, spares, fuel, etc. In addition, due to lack of knowledge about
the basis of design, ability to upgrade the system was initially constrained. It took some time
before dependence on the foreign contractor of the turnkey project could be relinquished.

3.2. Rajasthan Atomic Power Station

In the case of RAPS-1, technology transfer was in the form of design documents,
design drawings, equipment supply, training of operational personnel and manufacture of
equipment. This resulted in better understanding of design and manufacturing. The PHWR
program was driven by a need to develop self-reliance; this need became urgent following the
sudden withdrawal of consultant support in 1974. With the availability of comprehensive
R&D support, local infrastructure to supply key inputs and progressive maturity of the Indian
industries to manufacture nuclear components, it became possible to master the technologies
associated with design, manufacture, construction and operation of these reactors. Over time,
imports were reduced from 90 per cent for TAPS to about 10 per cent for newer PHWR.

3.3. Fast breeder test reactor

India entered into a collaboration agreement with the Commissariat a 1'Energie
Atomique (CEA), France, in 1969. Under this agreement, CEA provided the basic design of
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Rapsodie and the steam generator (SG) design of Phenix. CEA also consulted on design when
required. Indian engineers carried out many design modifications and responsibility for these
FBTR modifications rested with India. The Department of Atomic Energy (DAE) was
responsible for construction. French responsibility was limited to providing manufacturing
know-how, to the extent that it was available. There were two types of manufacturing know-
how agreements:

First, where French companies provided only documents and trained Indian engineers
on their shop floor for 3 to 4 months. This covered reactor assembly components, intermediate
heat exchanger (IHX) and SG. There was no on-the-job training since no FBR components
were being manufactured by French industry at that time.

Second, where one prototype component was manufactured in France by French
industry in the presence of Indian engineers (DAE and Indian industry) such as one sodium
pump, one expansion tank meant for a secondary sodium pump and, partly, one control rod
drive mechanism (CRDM). The additional four sodium pumps, with vessels, and seven
CRDMs were manufactured by Indian industries. The grid plate, some parts of the pump and
CRDM were manufactured in France.

On the whole the experience was satisfactory and Indian industries absorbed the
technology of manufacture of FBR components. No know-how documents were received with
respect to commissioning and operation of the plant.

All relevant challenges for the operation of FBTR and development of PFBR were
successfully met through work at IGCAR and BARC. These included, as already described,
the tricky problem of developing a local substitute for the highly-enriched uranium based fuel
for FBTR, originally envisaged as being imported.

The full range of FBR technology has been assimilated through in-house development
of related expertise and technologies, and setting up R&D laboratories dedicated to the FBR
program at the Indira Gandhi Centre of Atomic Research (IGCAR). These include the
capability of analysis of reactor behavior under steady state and transient conditions, reactor
physics modeling, shielding design, and thermal hydraulic studies. It also includes
establishing experimental test loops for corrosion studies, engineering development programs
related to sodium pumps, PFBR steam generators, all aspects of the design, metallurgy and
fabrication of special steels, and establishment of fuel reprocessing technology together with
immobilization and disposal of nuclear waste generated from these reactors.

4. CREATION AND UPGRADING INFRASTRUCTURE DEDICATED TO THE
NUCLEAR POWER PROGRAMME

4.1. Nuclear fuel

The creation of domestic capabilities for nuclear fuel fabrication started with half of
the initial fuel requirements for RAPS at BARC. For continued production of nuclear fuel for
the PHWR programme, a production facility -Nuclear Fuel Complex (NFC)- was constructed
based on the technology developed at BARC. The facilities at NFC were commissioned
between 1971 and 1974. The oxide fuel for PHWR is manufactured at NFC from the yellow
cake (uranium concentrate) obtained from the Uranium Corporation of India Ltd. An enriched
fabrication plant for the fuel for TAPS reactors was also established at NFC.
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The in-pile irradiation experiments carried out at BARC during the 1980s gave
confidence in the design and fabrication capability for plutonium based fuels. This led to the
establishment of the Advanced Fuel Fabrication Facility, which fabricated the MOX fuel for
loading at TAPS reactors.

4.2. Heavy water

The PHWR based power programme uses heavy water as a moderator and coolant.
Construction of the first heavy water plants in India began in 1975 with equipment imported
from France and Germany. Subsequently, these plants were designed and constructed with
Indian technology and equipment. The Heavy Water Board operates eight heavy water plants.
The plants at Kota and Manuguru are based on a hydrogen sulfide-water exchange process
developed locally, while those at Baroda, Hazira, Tuticorin, Talcher, and Thai are based on an
ammonia-hydrogen exchange process. The Nangal plant uses a hydrogen distillation process.
The heavy water production capacity is adequate to meet the programme planned for nuclear
power generation in the foreseeable future, and has enabled export of heavy water.

4.3. Special materials and structural products

Apart from fuel, NFC also produces core structural components for the entire nuclear
power programme of India. The NFC processes zircon sand through a series of chemical and
metallurgical operations using locally developed flow sheets to finally produce zirconium
alloy pressure tubes, calandria tubes, fuel cladding and several other products. The Nuclear
Fuel Complex has diversified its activities to make seamless tubes of stainless steel, carbon
steel, titanium and other special alloys of nickel, magnesium etc. by hot extrusion and cold
pilgering processes. Apart from the Department of Atomic Energy, customers of the Nuclear
Fuel Complex include several segments of Indian industry. NFC is also upgrading its
fabrication processes and the development and fabrication of high-tech process equipment.

The Indian Rare Earths Limited (IRE) was established to separate nuclear materials
from indigenous ores.

4.4. Development of materials for prototype fast breeder reactors

Whereas most materials used in the construction of FBTR were imported, it has been
the Indian objective to develop local sources. The Indian steel industry can produce austenitic
stainless steel of grades 316LN and 304LN to the required quality. A programme to produce
modified 9Cr-IMo steel tubes for PFBR steam generators is under way. Tubes of this material
have been satisfactorily produced for replacement in the FBTR steam generator. Welding
consumables in austenitic stainless steel and modified 9Cr-IMo can be produced in India.

PFBR steam generator tube lengths are very long (23 m) to minimize the number of
tube to tubesheet welds. Orders have been placed with the NFC for production of tubes of
these specifications. The production of clad tubes and hexagonal wrapper for PFBR has also
been entrusted to the NFC. Clad tubes have been satisfactorily produced and the development
of hexagonal wrapper is in progress.

4.5. Control and instrumentation

Realizing that ionizing radiation and nuclear particles can be detected and measured
with electronic devices, a small group was set-up in BARC to carry out R&D in electronics.
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This group became the nucleus for subsequent activities at Trombay and resulted in the
formation of a production facility, - Electronics Corporation of India Limited (ECIL) in April,
1967. Today, in addition to meeting the special requirements for the nuclear programme,
ECIL serves a number of core sectors of the economy including defense, space, steel,
telecommunication, thermal power plants and petrochemical plants.

4.6. Back-end of the nuclear fuel cycle

The technology for reprocessing nuclear fuel was developed in India entirely by local
efforts. Today, India has three reprocessing plants to extract plutonium from spent fuel, one at
Trombay, a second at Tarapur and a third, recently cold commissioned, at Kalpakkam. The
third plant at Kalpakkam incorporates a number of innovations such as the hybrid
maintenance concept in hot cells using servo-manipulators and engineered provisions for
extending plant life. This plant will reprocess fuels from PHWR as well as FBTR located at
Kalpakkam.

For waste management, plants have been set up to dispose of all types of wastes and
are operating successfully. Treatment of reprocessed wastes has received considerable
attention because they contain nearly 99 per cent of the activity generated in the nuclear fuel
cycle. Based on years of developmental studies, a long-term action plan has been formulated
for management of these wastes. It consists of solidification of medium level wastes in a
suitable matrix, in reliable containers and burying them in totally waterproof concrete tile
holes with protective barriers. High level waste is immobilized by vitrification in a glass
matrix and doubly encapsulating the solidified mass in corrosion resistant containers called
canisters. The sealed canisters are continuously cooled during interim storage and surveillance
in an engineered storage facility for 20 to 30 years. The proposed ultimate disposal of the
cooled solidified waste is in deep underground geological formations with added protection
barriers.

A waste immobilization plant (WIP) has been set-up at Tarapur incorporating
complete remote operation and maintenance. A facility for interim storage of the vitrified
waste from this plant has also been built nearby. Based on initial successes during the early
runs, one waste immobilization plant is under construction at Trombay and another at
Kalpakkam.

4.7. Manufacturing technology

4.7.1. PHWR components and equipment

Due to the sudden imposition of an embargo on the supply of equipment, Indian
industry was compelled to face the problem of the manufacture of major equipment for
PHWR in 1974. Indian manufacturers and the DAE began this as a joint effort to ensure
quality standards for components and equipment. Indian public sector undertakings also
played a key role in supply of major equipment such as steam generators, turbo-generator and
other electrical equipment. Critical components, such as end-fittings and fueling machines
were initially manufactured at BARC, in its Central Workshops, but this technology was
subsequently transferred to industry.
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4.7.2. FBR components and equipment

When Indian industries first began manufacture of nuclear components of PHWR
during the mid -sixties, they were new to the quality requirements of nuclear jobs. The quality
requirements of FBTR were more stringent than those for PHWR because of thin walled
structures with much more exacting criteria for the acceptance of welds. At this point, some
industries were still low on the learning curve with respect to PHWR jobs. Through
continuous close interaction of the IGCAR with the participating industries, the know-how
associated with the manufacture of FBTR components was readily assimilated. The overall
operating experience with FBTR components built in the country has been very satisfactory.

The PFBR has a large scale-up factor compared to FBTR and design features differ in
many areas. Because of its pool-type design, validation through prototype testing in sodium is
needed for critical components like shutdown mechanisms and fuel handling machines. In
addition, there is a need for state of art in manufacture and inspection of critical PFBR
components. This is done by some initial development work to provide feedback for design
modifications and to help minimize manufacturing schedules for actual components. In view
of these factors, prior-manufacturing development for critical items had been planned.

Technology development for main vessels consisted of manufacture of a sector
involving pressing of dished end petals and rolling of large diameter thin walled shells with a
strict tolerance on forming dimensions. Considerable knowledge has been gained through this
exercise and minor design changes to use forging instead of buttering to minimize distortion,
and revisions in forming tolerances are being incorporated. Technology development of
sodium pumps involved developing local suppliers of stainless steel castings, machining to
close tolerances and heat treatment of shafts. As a further example, work is in progress to
manufacture steam generators in Cr-Mo steels. The tube to tubesheet weld joint is an internal
bore welded joint with a raised spigot. The manufacturing technology involves machining
tubesheet with the spigot, welding of the tube to tubesheet to very strict requirements, forming
shell pull-outs, and postweld heat treatment of the completed steam generator. All the key
areas of manufacturing have been qualified.

Work is underway to develop technologies for a large number of other critical
components. These consist of sectors of the top shield; the shutdown mechanism, comprising
the control and safety rod drive mechanisms and diverse safety rod drive mechanism; the fuel
handling machines, comprising the transfer arm for in-vessel handling and the inclined fuel
transfer machine; sectors of grid plate; sectors of the control plug; and forming of tees and
bends of the secondary sodium piping. This extensive exercise of technology development is
expected to lead to optimizing design of critical components, which could be manufactured
locally within the scheduled time.

5. THE ROLE OF R&D IN DEVELOPMENT OF LOCAL CAPABILITIES

This R&D has led to the development of self-sufficiency in technological areas
important to the Indian nuclear power programme. It has also led to creation of an R&D
infrastructure that can respond to challenges for the development of next generation nuclear
energy production systems.

These R&D capabilities were initially directed toward the basic design, construction
and operational safety related tasks for the Indian PHWR and FBR, and to develop
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infrastructure to support this programme. In the area of reactor physics, for example, a large
spectrum of reactor physics codes were developed to calculate criticality, burn-up physics,
reactivity coefficients, and other parameters for control, operation, fuel management, reactor
dynamics and safety. In fuel technology, as already indicated, development of natural
uranium, and mixed oxide and mixed carbide type fuel elements using uranium, plutonium
and thorium, has been a priority since beginning the programme. This work covers out-of-pile
and in-pile tests followed by post irradiation examination (PIE). A large strength lies in the
area of metallurgy and materials sciences at BARC and at IGCAR. For example, R&D was
done at BARC to develop parameters for manufacturing Zr-2.5%Nb pressure tubes using the
hitherto untried pilgering route. In engineering development, several major experimental
facilities were established to generate characteristic data, validating design, and testing the
performance of major components, equipment and systems of PHWR and FBR. For example,
fueling machines were performance tested at BARC and also used for training personnel.

In consideration of limitations on the manufacturing capability for nuclear components
in early stages of the programme, extensive support to prove manufacturing methods, test
components to assess suitability for reactor use, and provide continued support for trouble
shooting etc. was provided by R&D units of DAE. For example, the manufacture of Zr-2.5%
Nb pressure tubes was carried out at NFC, using process parameters developed at BARC. The
end fittings for PHWR were initially manufactured at BARC and now are made by industry.
Irradiation experiments on fuel and structural materials provide data for study and design of
new materials for reactor use. For the 500 MW(e) PHWR, a large volume of analytical and
experimental studies in fields ranging from material science to development of components
such as rolled joints for coolant channels and reactor control system, were conducted at
BARC. This was a planned R&D programme providing support for the design of this reactor.

R&D support for operating the PHWR was initiated to support reactor physics
computations for core management and water chemistry related consultant services. R&D
participation has progressively grown to include troubleshooting and support for ageing
management of key components. To tackle some fuel handling related incidents at power
plants, many unusual operating procedures were tried on the fueling machines at BARC
before application. Repair of the inlet manifold at Kalpakkam units 1 and 2, and replacement
of a sparger at TAPS are two examples of using R&D to solve operating plant problems. A
large component of current activities relates to the management of ageing of coolant channels
of early generation PHWR. This spans development of analytical methods for degradation
modeling and associated experimental work, post-irradiation examination, development of in-
service inspection technologies and equipment, and development of technologies and
equipment for life extension and replacement. A technique for large-scale chemical
decontamination of the primary heat transport system of PHWR was developed locally and
successfully applied.

Most current R&D relates to developments to improve performance of future reactors.
For example, an improved fuel manufacturing process, such as a combined sol-gel
microsphere pelletization, low temperature, oxidative sintering (SGMP-LTS) process has been
developed for fuel fabrication. A recent technology upgrade in control and instrumentation
relates to the development of fault-tolerant microcomputer-based systems for nuclear power
plants. These systems will be incorporated in the new PHWR at Kaiga-1 & -2 and Rajasthan -
3 & -4. In addition, R&D programmes addressing fuel cycle and reactor technology related
developments for thorium utilisation, and the AHWR, are in progress.
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6. DEVELOPMENT OF TRAINED MANPOWER

When work on atomic energy and research in nuclear sciences began in India, there
were not many universities or educational institutions with a curriculum sufficiently broad and
advanced to produce manpower with the needed expertise. Hence, a training school was
started to provide one-year intensive training in all branches of nuclear science to graduates in
science, engineering and life sciences. This training school has functioned for more than forty
years and has trained more than 6000 scientists and engineers. Graduates occupy important
positions not only in the DAE, but in other R&D laboratories. The Nuclear Training Centres,
established by NPCIL, train personnel for reactor operation. A similar training programme is
given on all plants types such as research reactors, heavy water plants, reprocessing plants etc.
The availability of a pool of qualified manpower in all disciplines, and at all levels, has
contributed to successful development of local capabilities of the Indian nuclear power
programme.

7. CONCLUSIONS

For a large developing country like India, with an extensive programme for nuclear
power especially tuned to match its natural resources, the attainment of self reliance has been
a necessary goal to achieve long term energy security This study provides an account of the
Indian experience building local capabilities in deployment of nuclear energy. A review
exhibits key elements of the strategy for development of self-reliance. These are listed below:

(1) Establishment of an R&D based infrastructure to enable:

- tuning the programmes and technologies to suit domestic resources and
capabilities,

- developing a full understanding of the technologies to deploy nuclear energy, even
where some elements are initially imported, and to use this understanding to
establish local capabilities,

- filling gaps in the supply of critical materials, components and technologies and
transferring the associated technologies to industry, and

- providing cost-effective local solutions to enable sustained development of a large,
long term nuclear power programme.

(2) Creation of a pool of trained scientific and technical manpower through dedicated
training centers.

(3) Acquisition of imported technologies, where available, under terms enabling their
development using local capabilities, and to optimize them for Indian conditions.

(4) Close interaction with industry to develop local capabilities and upgrade technology.
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