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EDITORIAL

The Indian National Academy of Engineering (INAE) functions as an apex body that promotes
the practice of engineering and technology in solving problems of national importance. Its
activities include formulation oftechnology policies, promotion ofquality engineering education,

and encouraging R&D activities.

With an objective to promote engineering excellence INAE has instituted Professor Jai Krishna
and Professor S N Mitra memorial awards. These awards are given to an eminent engineer,
engineer-scientist or a technologist for academic and scholarly achievements in any discipline of
technology/outstanding research in engineering and technology and application
thereof/outstanding contributions in the management of education and research in
engineering/outstanding achievements and contributions in the Indian industry, engineering

services and engineering projects.

The present volume is a compilation of the award lectures of both Professor Jai Krishna and
Professor SN Mitra memorial awardees since its inception. The INAE sincerely appreciates the
efforts ofthe Awardees in bringing out this special volume ofthe INAE and hopes that the award

lectures will promote the general philosophy of INAE, particularly to the younger generation.

Purnendu Ghosh

April, 2018 Chief Editor, Indian National Academy of Engineering
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Sustainable Mineral Development-
The Indian Perspective

Ajoy K. Ghose
Director : Indian School of Mines, Dhanbad

Introduction

To have been invited to deliver this lecture by the
Academy is an honour that | deeply appreciate. |
knew Prof. Jai Krishna for many years. Besides
being an outstanding engineer, he was the very
epitome of culture. | was somewhat tempted to
speak on the culture of an “engineer”, but having
been a miner all my life, | desisted from such a
foray. | have chosen to discuss the importance of
mineral resources in the Indian context and how
best to assure the sustainability of the minerals
industry for the greater good ofthe nation.

Mining and consumption of non renewable
mineral resources date back to the Stone Age, and
India has had a rich heritage of mineral
exploitation from the days of the Harappan
civilization. For millennia, the riches unearthed
by the miners have made the lives ofpeople better,
easier and more secure, and without the
availability of minerals, the materials civilization
as we know it today will perhaps literally
collapse. In fact, it is almost impossible to
imagine life without minerals and metals as
society needs them for ever-widening purposes.
“Everything begins with mining” is the leitmotif
of the American Mining Association, and this
catch-all phrase underscores the vital role that
mineral resources play in the well-being of any
nation. Shorn of all its rhetoric, sustainable
development has really become a key issue of our
times, and meeting global minerals hunger
deserves as the high a priority as meeting the
global hunger(Ghose,2004). Sustainable
development is an umbrella concept, and a
hackneyed phrase as well in contemporary
lexicon that sounds almost trite. With its

audacious goals, however, widely supported by
public policy, its implications are vital for the
health and well-being of the Indian mineral
industry. We shall try here to explore the many
dimensions ofsustainable mineral development.

Indian Minerals Sector-The Heritage and
Current Status

The minerals sector in India has had a hoary
tradition. The authors ofthe Rigveda, who wrote
on fire, metals and gems, founded an
autochthonous civilization inthe plains ofPunjab,
Haryana and Rajasthan during the Pre-Harappan
era. Copper ore was mined in the Pre-Harappan
Ganeshwar-Jodhpura sector. The earlierst 14C
data related to mining archaeology in India are
those of Rajpura-Dariba mining area near
Udaipurwhich has been dated at 1260+/-160 B.C,
testifying to a flourishing lead-zinc mining
activity in the distant past (Biswas. 1992).
Kautilya's Arthasashtra (circa 330 B.C.) is
possibly the world's oldest mining tome
recounting the importance of revenue from the
minerals sector to the State exchequer. The
hierarchy of management of mines, the duties of
the mine officials and the somewhat draconian
punishments for theft of minerals have been
described with rare insight in Arthashastra
(Ghose,2002).

Mining in medieval India was perhaps neither
moribund nor buoyant, as one can glean from the
accounts of Tavemier, Alberuni, Buchanan-
Hamilton and from such monumental work as
Ain-1-Akbari (Bagchi and Ghose,1980).
Tavemier, in his travelogue (1665-1669 A.D.),
described the flurry ofdiamond mining activity on
the banks of the Krishna river which had yielded
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the famous diamonds Hope and Kohinoor. There
was active mining forreefgold in South India, for
copper ores in Khetri, Dariba and Singhania, and
for lead, zinc and silver near Udaipur. While the
history of coal mining cannot be traced with
accuracy, the first organized efforts for coal
mining were made by Sumner and Heatly in 1774
at Ethora, Damaliaand Chinakuri.

India is well-endowed with mineral resources,
and has high geological potential which is yet to
be fully explored, assessed and exploited. India
produces 87 minerals, out of which 4 are fuel
minerals, 11 metallic, 50 non-metallic and 22
minor minerals. The aggregate mineral
production during 2003-2004 was valued at over
Rs.625250 million. With a geologic and

metallogenic history similar to mineral- rich
Australia, South Africa, South America and
Antartica, all of which formed the erstwhile
Gondwanaland, there is a vast potential for
finding “bonanza” type mineral deposits. With the
new winds of change blowing across the minerals
sector under the liberalised mineral policy, the
nation is poised today for a new growth vector in
the minerals sector.

India's major mineral resource endowment is
sizeable (Table I). The life index in the table has
been estimated on the basis ofthe currentreserves
and the current production level (R/P), and may
not be an accurate estimator of the minerals
availability as the reserves are not a fixed stock,
and the future demand is equally uncertain.

Table 1: Indian Recoverable reserves of Selected Minerals

World Reserve Indian Reserve

World Reserve

Bauxite 35 Bt
Chromite 7,6 Bt
Coal 13,000 Bt
Copper 650 Mt
Iron Ore 300 Bt
Manganese 5 Bt

A large number of industrial non-metallic
minerals, especially limestone, fertilizer minerals
like rock phosphate and gypsum, refractory and
ceramic minerals, beach sand minerals, barite,
magnesite, and graphite amongst others are
available in India thus reinforcing its resource
endowment. The rich quality of dimension stones
accounted for export earnings to the tune of
Rs.23,746 million during 2002-2003 for granite
only. Despite excellent prospectivity, however,
the nation has not struck itrich and discovered any
major world-class deposits in the past three
decades, barring the East Coast Bauxites and the
Rampura-Agucha Lead-Zinc deposit. This
underscores the urgent need to increase
significantly the investment in exploration.
Mineral reserves represent an almost stretchable
continuum and investment in exploration in the

Life Index
Indian Reserve Life Index

3.07 Bt 500 years
86 Mt 30 years

82 Bt 220 years

9.4 Mt 20 years

17 Bt 160 years

167 Mt 100 years

post-Independence era has significantly added to
the resource base. The continued use of India's
mineral resource endowment has to proceed
within a sustainable development framework.

Today India is a major mining nation with the
value of production ranking sixth in the global
league table. The minerals sector, unquestionably
one of the fundamental strengths of the Indian
economy, accounts for over 2% ofthe GDP ofthe
nation for more than 19% of India's merchandise
exports, and provides direct employment to over
1,300,000 Indians. There is also a large informal
sector of small-scale/artisanal mining. Its
multiplier effects on the economy are substantial,
and it is also the main source ofincome and social
benefits for many in rural and remote parts ofthe
country.



Sustainable Development - A Concept of
Many Hues

Sustainable development is a many-splendoured
coinage, first articulated in the report on “Our
Common Future” by Brundtland Commission
(1987), as a strategy that meets the needs of the
present without compromising the ability of
future generations to achieve their own
requirements. The key concept is to promote the
conservation and the sustainable use of natural
resources, which allows  long-term economic
growth and enhancement of productive capacity,
along with being equitable and environmentally
acceptable. Depending upon the vantage point
from which one chooses to look at the many
dimensions of sustainable development, there
could be conflicting interpretations and a pot-
pourri of view points. To many, sustainable
mineral development is an oxymoronic term as
mineral resources are necessarily finite and no
process of mineral exploitation could be
sustainable per se. The link between the long-term
availability of mineral commodities and
sustainable development is however tenuous, and
the potential of future generations to enjoy a
standard of living equal to that of the present
generation depends on all the assets that we pass on.
These include inter alia physical capital
(infrastructure, produced goods and built
environment), human capital (well-educated
people), natural capital (clean environment,
pristine wilderness and rich biodiversity), social
capital (social relations and institutions withinand
between societies, their norms and functionality), a
well -developed culture and of course, technology.
In fact, a generation that fails to invest in new
technology, that despoils the environment, and that
perpetuates widespread poverty in order to husband
its stock of mineral resources for future use is not
likely to achieve sustainable development, and is
even less likely to earn accolades from the future
generations (Tilton, 2002). We need to invest the
income from exploitation of a mineral deposit in
other forms ofcapitals in suchawaythatthe present
value of future return on that capital equals the
present value of the mineral deposit, that is, the
natural resource capital should be replaced by an
equal amount ofother forms ofcapital.

The issues of sustainability need to be examined

within the bounds ofa time-frame, and also vis-a-
vis the ability of the minerals sector to generate
adequate re-investible surplus to build a
sustainable economy for the future generations.
Future, as is being repeatedly and forcefully
touted by the advocates of singularity (Kurzweil
Vinge, quoted in Ghose,1993), is necessarily
uncertain, and as growth and technological
change are likely to become hyperexponential in
the not-too-distant future, our concern on
resource exhaustion is probably irrelevant. The
pace of mineral extraction is only a modest
determinant of the sustainable development. Of
far greater significance could be the mindless
squandering by the current generation on
weapons race and wars, corruption and sheer
mismanagement ofthe resources!

In essence, sustainable mineral development calls
for a proactive management strategy to evolve
and put in place a credible framework that will in
the long term (a) satisfy the mineral and material
needs ofthe burgeoning population of India; (b)
enhance environmental quality through espousal
of cleaner technologies; (c) ensure social
harmony through partnership with stakeholders;
and (d) sustain and enhance the economic
viability of the mining operations for a better
future of the succeeding generations. In fact,
sustainable development embraces the
commitment to ecological integrity, but also
incorporates social and economic dimensions of
sustainability. All of these take crystallize into
focused attention on management of resources
and recourse to innovative technologies for
exploitation and environmental protection. As of
present, the per capita per year consumption level
of mineral raw materials for an average Indian is
ofthe order of 0.8 tonnes, compared to 23 tonnes
for an American or 15 tonnes for a citizen of EU.
This needs to be boosted to a level of 3-4 tonnes at
least within the next two decades for assuring a
decent quality of life. Will our mineral resource
endowment allow for meeting the specified levels
of demand? As an advocate of technological
cornucopia, one can posit that given the inputs of
new technology and a higher quality
management, we will not run out of our mineral



resource base, at least not in the next 50 years,
with with the impacts of efficient levels of
conservation, recycling and secondary
production and substitution. The population
threat is a potent one to sustainable mineral
development and to the sustainability of the
society atlarge.

Sustainable Mineral Development Paradigm
The key elements for sustainable mineral
development in India will hinge critically on the
following:

0] Maintenance of ecological integrity- the
protection of the environment and
biodiversity will be a major challenge.
The disposal of wastes or “residuals”
generated by the minerals sector
amounting to over 650 million tonnes
annually (an order of magnitude estimate
only) in an environmentally compatible
manner is almost an insuperable task.

(i) Inter-generational equity - not stealing
from one's grand children through
profligate use of mineral resources.

(iii)  Inter-generational equity which
recognises the close interaction of
poverty and environmental degradation,
and the right of the poor and the
disadvantaged to seek a better quality of
life.

(iv)  Stakeholder engagement to ensure policy
decisions that take account of community
impacts and sentiment.

(V) Social capital development to promote the
capacity of communities to direct their
own development,

(vi)  Transparency and accountability in
decision-making, operations and
reporting.

Although the environmental performance of the
minerals sector has improved significantly in the
recent past, much remains to be done. Equally
important is the need to convert revenues realised
by mineral exploitation to other forms of capital

such as social capacity building and infrastructure
development, and advertisement advocacy ofthe
contributions of the sector so that community
perceptions do not come in the way of
development or the licence to operate. The mining
industry has to adopt the approval processes for
new projects which are thorough, transparent and
inclusive, and which incorporate risk assessment
for all major aspects. It is important to stress that
sustainable mineral development calls for
strenuous efforts, investment in technology for
exploration, mining, and remediation of
“orphaned” mines. It will be a long and arduous
journey rather than a destination, a quest for an
elusive ever more sustainable and equitable
development. The pervasive impacts of the
NIMBY (Not in My Back Yard) and BANANA
(Build Almost Nothing Anywhere Near Anyone)
syndromes are thwarting mineral development in
many regions of the country, sometimes
reinforced by the judicial activism. Only through
constructive engagement with the community,
canthe mining industry earnits license to operate.
The industry has to fight hard to stem the
expanding wave of institutional incompetence
and organized incapacity not only to improve its
visible image but also to deliver re-investible
surplus for capacity-building for the future
generations.

Agenda for Action - Towards Sustainable
Mineral Development

The sustainable minerals development for the
future is for the nation to seize and shape, and the
essential steps could be the following:

() Expanding the inventory of mineral
resource through investment in high-tech
exploration. The concept of “Glass Earth”,
being actively researched by CSIRO,
Australia, could be emulated to make the
upper 1 km of the continental crust near-
transparent to recognise ore bearing
systems, and thus locate new deposits of
value. This will call for investment in
research too for integrating data sets from
various detection techniques.

(i)  Seeking step change in production and



productivity improvement in the mineral
extraction process through innovative
mining for sustained competitive advantage
forthe minerals sector.

(i) Developing innovative and efficient
processing techniques to convert
subeconomic resources to workable
deposits.

(iv) Developing long-term business strategies
which incorporate greater value-addition
through mineral processing, resource
stewardship and industrial ecology.

(v) Putting in place systems to embed
sustainable development principles into
strategic planning and operational practice,
and also operate systems for monitoring,
evaluation andreporting.

(vi) Addressing the issues of governance,
ethical standards and accountability, and
establishing viable long-term relationships
with the stakeholders and listening to them.

The Indian mining industry has to respond to the
challenges of sustainability using new and
innovative technologies, and being willing and
aware of its bounden responsibility to address the
relevant issues through a new mindset and
management philosophy. Institutional capacities
will have to be developed for resolving the
problems that continue to put road-blocks on the
way to sustainable development.

Concluding Remarks

Mining is, was, and shall continue to be the
keystone for the future of the Indian economy.
The inexorable rise in minerals hunger through
population pressure and aspirations for a higher
quality of life must be met through imaginative

crafting of sustainable development principles
andtheir smartapplication.
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Introduction

I am grateful to the Indian National Academy of
Engineering and its President for giving me the
Jai Krishna Memorial Award. | am greatly
honoured. This honour is very special to me
because from 1958 to 1990,1had an opportunity
and the privilege to be on the faculty of the
University of Roorkee, where Prof. Jai Krishna
was atowering leader in academics and research.

Jai Krishna studied engineering at the famous
Thomason College of Civil Engineering where he
passed with honours in 1935, winning the
prestigious Thomason Prize and two Gold
Medals. He joined Thomason College of Civil
Engineering faculty in 1939. The College became
University of Roorkee in 1948. Jai Krishna
obtained his Doctoral Degree in Civil
Engineering from University of London in 1954.
He established teaching and research programme
in Earthquake Engineering at the University of
Roorkee. This isthe only programme ofits kind in
India even today. He pioneered research and
development in Earthquake Engineering in India
and the instrumentation and monitoring of
different seismic zones in the country. Jai Krishna
served the University Roorkee with great
distinction, became Professor in 1960 and was
appointedthe Vice Chancellor ofthe University in
1971. After his retirement, Jai Krishna was
honoured with a life-time appointment as
Professor Emeritus in the Department of Earth
Quake Engineering, which he had established.

Jai Krishnaplayed a leading role in formulation of
Indian Standards for Earth Quake Resistant
Design of Structures. This Standard is used
extensively and is one ofthe most comprehensive

in the World. He was responsible for earthquake
resistant designs of a large number of major and
important engineering structures in India. His
research contributions were outstanding and
recognized by Shanti Swaroop Bhatnagar Prize
(1966), Institution of Engineers (India) National
Design Award (1971), International Award of
Japan Society of Disaster Prevention (1988), Life
Time Achievement Award (1997) of our Academy
ofwhich he was the Founder President.

Jai Krishna established the Indian Society of
Earthquake Technology in 1982 and served as its
Founder President. Through his initiatives, India
became a member country of the International
Association of Earthquake Engineering of which
he was elected as the President for the Term 1977-
80. He was a Fellow of the Indian National
Science Academy, Third World Academy of
Sciences, and the International Association of
Earthquake Engineering.

Jai Krishna was a product of the technical
education system established by the British
Government and after independence, he obtained
his doctorate degree from a leading University in
England. He devoted his entire life to engineering
education and research in India. I, therefore, felt
that if | present historical glimpses ofengineering
education in the colonial India and a short profile
of how it shaped during the decades after
independence, it will be an appropriate tribute to
the memory of a great academician and the
Founder President of our Academy. | must begin
with the evolution of University education to
dispel the notion that the concept of Universities
was unknown in India until the British established
them in Calcutta, Madras and Bombay.



Evolution ofUniversity Education

In Europe, 'Studium Generale', indicating what we
today understand as University, had many teachers
and students drawn frommany places, and also had
many subjects of instruction and discussions. The
oldest Studium Generale in Europe dating from the
beginning of the 12t Century, were Bologna,
Reggia, Montpellier, Paris and Oxford. In India the
Budhist developed similar Studium Generale or
University institutions several hundred years
before they appeared in Europe. The Budhist
Viharas developed into big institutions teaching
liberal subjects, grammar, philosophy, medicine,
arts and sciences. These monastic institutions, with
their complex structure and management, had
workshops and schools of arts and crafts and
developed as Universities, among them were
Nalanda, Vallabhi, Vikramshila, Odantapuri,
Jagaddala, Mithila, Ranchi, etc. However, these
Universities disappeared with the decline of
Budhismin India.

Vocational Education in Medieval India
Details of vocational and technical education in
medieval India are not available. The excellence
of manufactured articles, fabrics of cotton and
silk, embroideries, painted and enameled wares,
steel weapons, gold and silver ornaments and
white paper, is well known, and could not have
been achieved and maintained for centuries
without a dependable technical education. Three
systems of technical education were prevalent,
the hereditary learning, pupilage training and
training schools attached to workshops. The
manufacturing establishments (Karkhanas)
gradually started imparting technical education in
their areas of specialization. The Shurat-Am of
Muslim rulers looked after and assisted the
workshops engaged in industrial training
activities. The early Muslim rulers supported such
Karkhanas and their technical/vocational
education. Both Hindus and Muslims took great
interest in vocational education as a result of
which trained workers of every trade were
available in abundance.

Technical Education in British India: The
Beginning
In 1794, to train technical persons in India, the

British Government established the first Survey
School in Madras with eight students from
English schools. The Madras Survey School
trained only English boys. The British policy at
that time was against teaching surveying to native
Indians because of military and political
implications of survey work and as a precaution
against reliable maps falling into the hands ofthe
French, the Dutch and the Portuguese. The Court
of Directors of the East India Company insisted
on the secrecy of survey maps and restricted the
‘artandscience ofsurveying’to Englishboys. The
Madras Survey School went through several ups
and downs, was on the brink ofclosure in 1810 but
was revived in 1819, admitting some apprentices
directly called from England in addition to boys
from the local English schools. The Survey
School was expanded in 1857 and renamed as the
Civil Engineering School.

Developments in Bengal

Civil surveying for revenue purposes remained
outside the ambit of the restrictions of the East
India Company because it was an ancient branch
of knowledge in India and a class of people, the
Amins, specialized in preparing land revenue
maps. The General Committee of Public
Instruction comprising mostly ofEnglish officers,
constituted in 1823 in Bengal was, for about
twenty years, the only Government agency of
Bengal Government concerned with education
matters. In 1842, the Committee was replaced by
a Council of Education. The Committee and its
successor Council in their reports frequently
mentioned the branches of study which would be
useful to students to earn their livelihood'. Apart
from 'reading writing and arithmetic’ surveying
was strongly recommended for Indians required
injudicial and revenue departments and by courts.
At that time surveying was taught in Bengal in
two colleges, the Mohammedan College
(established in 1781) and the Hindu College
(1817). The public opinion in Bengal was that
drawing and surveying be taught only in colleges
and not in schools. From the need to teach these
subjects in colleges, the concept of colleges of
civil engineering was a big step. Engineering was
not classified into several subdivisions and it



meant engineering for civil purposes as distinct
from military. The importance of civil
engineering, asabranch ofinstruction for Indians,
began to attract attention of authorities in about
1843. Construction of roads and canals was in
progress and it was realized that men trained in
engineering would be required; surveying skills
would not be enough. At this time, the idea for
having a University was gaining ground. The
Council of Education in its report in 1844-45,
suggested the establishment of a central
university for 'granting degrees in arts, science,
law, medicine and civil engineering'. However,
the Bengal Government took no action until after
tenyears.

Developments in Bombay and NWP

Elphinstone Institution in Bombay started
engineering classes in 1844 to train surveyors and
builders. In 1847, after producing six surveyors/
builders and four assistant surveyors/ builders in
three years, the programme was closed because
the British view was that it did not attract students
of sufficient merit to qualify as ‘scientific civil
engineersfullygroomedin the theory oftheirart'.
After the conquest of the northern region by the
British, the North Western Province (NWP) was
created in 1836 with Agra as its headquarters. In
1843 the subject of education in NWP was
transferred from the Bengal Government to the
Government in Agra. The renovation work on old
Yamuna Canals and construction of some roads
were in progress. Thinking had started on a new
bold venture - the Ganga Canal. At this time the
appointment of Thomason as the Lieutenant
Governor of NWP proved vital. While the
Governors of Presidencies, appointed from
British aristocracy and political heavy weights,
responded slowly through proper channels to the
proposals coming from lower levels, Thomason,
rising from the ranks of civil servants, made the
proposal himself, followed them up for
acceptance by higher authorities and
implemented them vigorously. Thomason, in his
memorandum dated September 23 1847,
submitted a detailed proposal for setting up a
college to train Indians as Civil Engineers. Probey
Cautley, an army engineer whose name is closely
associated with the construction of Ganga canal,

with a limited view, had envisaged a school for the
supply of ‘efficient workmenfor the entire line of
canal'. Thomason went further in his proposal
emphasizing the requirements of surveying,
irrigation, navigation, roads, bridges and railways
inthe country, for all ofwhich itwas impossible to
provide Europeans. He made a strong case to form
anucleus at Roorkee fortraining Civil Engineers.

The proposal of Thomason was accepted by the
Governor General Hardinge and the Government
of NWP, by a notification dated 25 November
1847, established the Civil Engineering College
at Roorkee. The College started functioning on
January 1,1848, with Lieutenant Maclagan as the
Principal and four teachers, two of whom were
Indians. The College began with three courses,
one for engineers, one for upper subordinates
(overseers) and the third for lower subordinates
(sub-overseers and draughtsman). In 1852,
Thomason compiled several of his previous
recommendations in one document, strongly
recommending to the Government to raise
'Roorkee College into a great school for every
branch of engineering labour'. The
recommendations were only partly accepted and
even they were not all implemented. Yet with
limited development, the Roorkee College
became a model and catalyst for the other
engineering colleges in India. Within a few years
engineering colleges of Calcutta, Madras and
Poona followed. Thomason died untimely in
1853. The Roorkee College was named
Thomason College of Civil Engineering in 1854
in honour of its founder. The engineering class
was open to European military officers and
English, Anglo-Indians and Indian Civilians.
During the first twenty years, only a few Indians
were admitted. But after 1870 the number of
Indians increased and that of Europeans declined.

The concept ofthe engineering education through
formal instructions in a school or college was
unknown at that time even in England. Therefore,
the subjects of engineering, when Roorkee
College was established, were not properly
classified from the point of view ofteaching. The
teachers of Roorkee College, within the first
twenty five years of its existence, did pioneering



work in systemizing the teaching of engineering,
formally writing lecture notes, developing
examples, making drawings, writing books and
manuals and updating them periodically. The
Roorkee College Manuals and Treatise on Civil
Engineering became standard texts not only in
Roorkee but at other colleges in India. The
distinctiveness in engineering teaching in India
owes a great deal to this pioneering work done at
Roorkee.

Except for starting one industrial school in 1892,
the NWP government concentrated all its efforts
to reorganize Roorkee College. From the
beginning the College was under the
administrative control of PWD, which was
largely manned by royal and other military
engineers. After a rather stagnant period during
the decade of 1890, programmes expanded to
include mechanical and electrical engineers at
one end to motor drivers and linemen on the other.
Machinery and tools were indented from England
and a modern workshop was established,
including forge and foundry shops run entirely on
electricity. Several new courses were added,
including a course in telegraphy in 1893. The
mechanical apprentice and the industrial
apprentice courses of three years were opened in
1896 to train foremen. The industrial apprentice
course covered various trades, printing,
photography, metal and woodwork, electric
motors and mechanical engines. In 1897, the two
year engineering course was extended to three
years with two branches, civil and electrical;
telegraphy was merged with electrical
engineering. During the early decades of the 20th
Century, the profile of the college changed from
degree-level education to an industrial apprentice
level institute. Even an automobile drivers' class
was started in 1907.

Wood's Dispatch

The issue of suitably trained persons for PWD in
all the three Presidencies was being raised. The
famous Wood's Dispatch of July 19, 1854 from
the Court of Directors ofthe East India Company
envisaged an enlarged system of education to be
pursued in India. In response, the Governor
General Lord Dalhousie recommended to the

Court for establishment of an engineering class at
each ofthe three presidencies of Calcutta, Madras
and Bombay. Unlike that in NWP the progress in
the Presidencies was slow but things started
moving.

By 1842 it was recognized in Madras that the
survey school was inadequate for the needs of
PWD and establishment of an engineering
college was desirable. The initial reaction of the
CourtofDirectors to the proposal was negative on
the ground that the general education in the
Presidency had not advanced enough to justify
suchaventure. Ittook the Court five years to agree
with the Supreme Government on the need to
upgrade the Survey School. The matter was
referred to the Director of Public Instruction
(DPI1) Madras who recommended the
establishment of a college 'on the pattern of
Roorkee College'.

Conflictsin Madras

A conflictofinteresthowever delayed the opening
of Engineering College in Madras. Major
Maitland, who had opened a school in the Gun
Carriage Factory Madras in 1840 for ordnance
officers and apprentices, wrote to the Council of
Education that 'Ordnance artificers and thepupil
of the Manufactory' be induced to study and
improve themselves to become 'Mechanics and
artisans of a superior order and out of their
number might be found intelligentforemen and
overseers for the Ordnance Branch of the
Services'. Maitland maintained that to produce
capable engineers, every student admitted to an
engineering college must have learnt at least one
trade. Maitland must have had enough influence
to stall the establishment of the engineering
college until his ideas and his school became
essential component of it. Finally in 1854, Lord
Dalhousie proposed that ‘whether by the extension
ofMaitland'sschool or by its incorporation with a
large institution upon the principle of Thomason
College at Roorkee, a complete system of
instruction should be provided at Madras for
every class belonging to PWD- Europeans, East-
Indians or natives whether artificers, foremen,
overseers, surveyors or civil engineers'. The
Court of Directors conveyed their concurrence in
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1855 and the Director of Public Instructions
(DPI) was asked to submit a detailed proposal.

DPI Arbuthnot did not accept the wisdom of Gun
Carriage Factory School as a basis for the
proposed institution, and suggested a scheme of
an institution at three levels just as at Roorkee
College, with provision of military students along
with civilians and kept Maitland and his school
out of the proposal. The Madras Government, to
please both the parties, accepted the DPI's scheme
with the provision that every student of the
college be required to master some craft or trade
and the school at the Gun Carriage Factory be
extended to supply the PWD with artificers. The
Supreme Government in 1856 accepted the
proposal of Madras Government but insisted that
for the purpose ofpractical training, the Maitland
School be amalgamated with the proposed
college. Major Maitland interpreted this order to
mean that he was given the authority to direct the
establishment of the college. After a voluminous
correspondence between the DPI, the Chief
Engineer PWD and Major Maitland, the dispute,
taking more than two years, resolved. Finally, the
Supreme Government withdrew the order for the
amalgamation, but ordered that Major Maitland
be appointed Director of Practical Instruction, and
the college of practical training should use his
workshop.

In 1857, pending settlement of the dispute, the
Madras Government ordered the expansion ofthe
Survey School, changed its name to Civil
Engineering School and appointed Lt. Winscom
as the Principal. After some more hiccups, the
Civil Engineering College came into being in
Madras in 1859. It functioned on a very modest
scale because Madras Government gave no grants
in addition to what was given to the Survey
School. The College was affiliated to the
University of Madras and the first batch received
the Bachelor of Civil Engineering (BCE) in 1864.
The Madras University added mechanical
engineering course in 1894 and the name of the
degree was changed from BCE to BE (Bachelor of
Engineering). The Madras College was the first to
offer a degree programme in mechanical
engineering. In 1920, the college movedto Guindy.

Tribulationsin Bengal

In 1854, the Council of Education Bengal
recommended the establishment of a separate
engineering department in the proposed
Presidency College, which was to function in the
following year by incorporating the Hindu
College. The Chief Engineer of Bengal, Col.
Goodwyn, on the other hand, recommended the
constitution of a separate engineering college for
general improvement of Department of Public
Works. The Bengal Government concurred with
the Chief Engineer, but took two years to prepare
its detailed scheme to obtain the sanction of the
Court of Directors. In November 1856, the Civil
Engineering College Calcutta started functioning
in a portion of the Writers Building with 10
students and two teachers, Capt. Sherwill of the
Engineers as Professor of Surveying and Shome
as Professor of Mathematics, since no
Englishman was available with suitable
qualification. The Government gave a guarantee
of employment in PWD to the students after
passing the two-year course. The College was
affiliated to the Calcutta University in 1857,, and
the course duration was raised to three years
including one year training, afterat the end of
which the candidates got the degree of Licentiate
in Civil Engineering (LCE). The question of
merger of engineering college with Presidency
College remained alive, and in 1862 when the
Government of India invited the view of the
Bengal Government on the issue, the latter
supported the merger. In 1865 the Engineering
College was closed and instead a department of
Civil Engineering at the Presidency College was
opened. This step impeded the progress of
engineering education in Bengal for the next
aboutfifteenyears.

After a gloomy existence, the prospects
brightened up in 1878 when a practical training
institute around a newly established PWD
Workshop came under consideration, and it was
decided that the civil and mechanical engineering
students should receive theoretical training in a
college and practical training in a workshop. In
April 1880 the engineering department in the
Presidency College was again given a separate
identity as a college, and was moved to Sibpur. It



was given the name, Government Engineering
College Howrah. Later in May 1887 it got another
name Civil Engineering College, Sibpur. In 1920
it was named as Bengal Engineering College,
Sibpurandremained so until after independence.

The Poona College

On the basis of the project submitted by the
Bombay Government, the Supreme Government
in 1855 approved the establishment of a college
for the instruction of civil engineers, surveyors,
overseers, foremen and artisans. Not much
happened on the project except starting an
Engineering Class and a Mechanical School at
Poona. Later, the matter was taken up by the DPI
Howard, who said that the school was 'too narrow
andgovernmental’ and that it ‘trained officersfor
government service but did nothing for the
public'. Howard's idea got an impetus through the
munificence of Sir Cowasjee Jehangir, who made
a magnificent donation of Rs. 50,000/-.
Consequently the School was converted into
Poona Civil Engineering College in 1864 and
affiliated to the University of Bombay in 1868 for
the degree ofLicentiate in Civil Engineering.

The scope of instruction of college was expanded
in 1879 to include forestry and agriculture by
starting a class for forest rangers and a diploma
course in agriculture. The name ofthe College of
Engineering was changed to the College of
Science. General courses in science were started
leading to B.Sc. degree ofthe Bombay University.
The most distinguished and famous alumnus of
the College, Sir Mokshagundam Visvesvaraya,
topped the list of L.C.E's in 1884. In 1886, the
course of civil engineering was revised and
upgraded, and the minimum qualification for
admission was raised from matriculation to what
was then called Previous Examination. The trend
towards opening new courses was reversed. The
Rangers Class was closed in 1904. By 1911 all
other non-engineering courses were also
abolished. The B.Sc. classes were transferred to
the Science Institute in Bombay and the College
was given back its original name, the Poona
College ofEngineering.

n

Hegemony of Army over the Engineering
Colleges

The Royal Engineers in the army in British India
played a major role influencing the fortunes and
also the misfortunes of the four engineering
colleges. They were the only type of engineers
that came to India with the East India Company.
As the Company took more and more
responsibility of governance of the country, all
technical jobs ofengineering and scientific nature
were entrusted to these military engineers. The
PWD was almost entirely officered by them.
Engineering education fell naturally in their
sphere. The original proposals for each ofthe four
engineering colleges stipulated that the colleges
be placed under the education departments of the
respective Presidency or Province. This was done
to fulfill the civilian objectives of the colleges to
train engineering personnel for civilian work. But
many ofthe Principals, Professors and Instructors
appointedto organize and run these colleges were,
in the prevailing circumstances, military
engineers. These military officers with natural
proclivities towards the army, tended to forge
close links between the college and the military.
The army became, at least partly, the feeder for
admission in the college and it served the needs of
the army by running tailor made special courses
for officers and other ranks of the engineering
corps.

From the beginning, the Roorkee College was
placed under PWD and not under the education
department as envisaged originally. The
Government of India recognized that the
Thomason College had special obligations
towards the army and that a certain proportion of
seats in the engineering and the upper subordinate
classes should be reserved for young men from the
army who wanted to change over to services in
public works. Also, under the orders ofthe Military
Department of the Government of India, special
courses were regularly run for army personnel till
the end ofthe 19thCentury. All the Principals, except
one, were military officersuntil 1930.

The other three colleges were gradually placed
under the control ofthe department of education.
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However, in matters of admission and special
courses, Madras College had similarity with
Roorkee College. Its last Royal Engineer
Principal retired in 1907. The Calcutta College
too showed military bias but its life was short. The
engineering classes ofthe Presidency College and
later Sibpur College had no military connection.
The first Principal of the Poona College Capt.
JBH Close, was very keen to make the College
serve military needs by providing instruction to
European sappers posted in Bombay Presidency.
The Education Department did not allow too
much importance to training military officers at
Poona. Only the first two Principals were from
the military. Subsequently, the military
connection ceased.

Stanley Engineers

By 1858, itwas clear that the ambitious objectives
ofthe Roorkee College envisaged by its founder
did not quite fit in with the imperial interests
perceived by Her Majesty's Government in
England, which had taken the responsibility of
directly governing India after the 1857 war of
independence. A scheme of directly recruiting
young Civil Engineers in England for service in
the public works in India was initiated in 1859 by
the Secretary of State Lord Stanley. Engineers
recruited under the scheme were dubbed as
Stanley Engineers. From 1859 to 1868, 165
‘Stanley Engineers' were appointed in PWD
againstonly 45 from Roorkee College.

While the military engineers nurtured all the four
engineering colleges in their infancy, within a few
years they also initiated policies which adversely
affected the growth of the colleges. In 1870, as a
modification of the Stanley Scheme, a college of
civil engineering, the Royal Indian Engineering
College, popularly called Cooper's Hill College,
was established in England on the pattern of
Roorkee College, to train engineers for PWD in
India. The entire expenditure ofthe Cooper's Hill
College was borne by the Government of India,
and its purpose overlapped with that of the
engineering colleges in India. Persons recruited
and trained in England thus filled the bulk of the
posts in India. The products of the engineering
colleges in India were deprived of job

opportunities, with the result that many went
unemployed or were under-employed. The
persons behind the Stanley Scheme and the
Cooper's Hill College were some military
engineers who were intimately associated with
the establishment and running ofthe four colleges
in India.

The Game ofNumbers

The Cooper's Hill College was designed for an
intake of 50 students. However, employment in
PWD in India was restricted to 40. Nevertheless,
with effect from 1876, the share of Roorkee was
fixed at 8 and from 1885 onwards it was reduced
gradually to 5 and then to 4. The remaining
engineers passing from Roorkee were adrift and
there were cases when they had to acceptjobs of
draftsmen, accountants or school masters. In late
1870's the demand for engineers in PWD started
diminishing because of the general reduction in
government expenditure. In 1878, Principal
Bandreth of the Roorkee College proposed that
appointments in other Government departments
similar to PWD, be opened for employment to
Roorkee engineers, but the Government of India
did notrespond favourably. In 1880, the Secretary
of State passed an order denying jobs to
Englishmen trained and educated in India.
However, this order was practically rescinded in
1883. The annual appointments for each class
were: Cooper's Hill 15, Indian Colleges 9 and
Royal Engineers 6. Out ofthe appointments from
the Indian Colleges, 5 and 4 were given to
Roorkee and 1 and 2 were given to Sibpur in
alternate years; 2 to Poona and 1to Madras every
year. Due to continued fall in the demand for
engineers in PWD, the the recruitment in PWD
from Cooper's Hill was reduced from 15to 10 in
1892, and thereafter to less than 7. The Cooper's
Hill College limped on for another 17 years, and
was finally closed in 1907. The stores and
machinery were shipped from the Cooper's Hill to
India and distributed free among the engineering
colleges.

Establishment of Universities

Following the 1854 Dispatch of the Court of
Directors of the East India Company sent to the
Governor General of India in the Council, the



Universities of Calcutta, Madras and Bombay
were founded in the three Presidencies in 1857. At
that time, they were purely examining bodies
concerned mainly with instituting degrees and
framing rules and regulations for examinations
leading to degrees. Their scope covered ‘all
branches oflearning involving intellectual efforts
worthy of recognition by a University'. They
established faculties and instituted degrees in
traditional areas like arts, science, law, etc., and
also in medicine and engineering. It was left to the
colleges to enroll students, organize teaching and
seek affiliation with the university degrees. For
engineering, Calcutta and Bombay Universities
aimed higher and instituted Master of Civil
Engineering (M.C.E.) degree for which a B.A.
degree was the prerequisite. The Madras
University more realistically instituted, in
addition to M.C.E., a lower degree called
Graduate in Civil Engineering (G.C.E.) for which
the prerequisite qualification was matriculation.
The three engineering colleges at Calcultta,
Madras and Poona were duly affiliated to the
Universities oftheir Presidencies.

The ground reality of the needs of engineering
education and the unchartered waters of academic
aspects throughwhich the colleges were requiredto
steer, did not match the expectations of the
Universities. The colleges continued to produce

Name of College

Civil Engineering College, Madras

College of Science, Poona

Government Engineering College, Howrah
Thomason College of Civil Engineering, Roorkee

TOTAL

13

engineering personnel at two levels, officers and
subordinates, with great efficiency. If the
universities did not consider the engineer officer
worthy of university degrees, the college
certificates were valuable enough. There were no
takers for the M.C.E. degree. Therefore, the
Calcutta and the Bombay Universalities, like the
Madras University, instituted a lower degree of
L.C.E. From 1864, the graduates ofthe engineering
colleges at Calcutta Poona and Madras received
university degrees, L.C.E. andB.C.E.

The University of Allahabad was established in
1887 and the Punjab University in 1892. The
Roorkee College was affiliated initially to the
Calcutta University in 1864 and to Allahabad
University in 1894. These affiliations appear to
have remained only notional as there is no record
of Roorkee students going for university
examination. The affiliation with the Allahabad
University ended in 1905.

Status of Technical Educationin India (1884-85)
SirMacDonnell's Memorandum prepared in 1886
on the existing state, and the future prospects of
technical education had nothing much to notice
except the four engineering colleges, three
schools of industrial art and about forty five lower
grade industrial schools. The following
enrollment status during 1884-85 was reported:

University School Total
Level Level
19 106 125
102 77 179
42 107 149
155 155
318 290 608

Sir MacDonnell reported that a few more Survey Schools were functioning during the period in Hyderabad (Sind):
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Province Survey Schools Industrial Schools

Number Enrolment Name Enrolment
Madras : : 6 249
Bombay 1 21 7 307
Bengal 4 171 5 172
Punjab : 4 93
NW Province 2 186
Central Province , 19 316
Assam 7 163 1 18
Burma 5 110 1 38
Total 17 465 45 1379

Golden Jubilee of Queen's Reign

The golden jubilee celebration of Queen
Victoria's reign in 1887 provided the occasion to
collect large sums of money from the public for
commemorating the event suitably. In Bombay
and Madras opening of technical schools was
considered an appropriate way of utilizing the
funds. Viceroy DufFerin in a public address in
Lucknow in 1888 said 7 have always taken the
deepest interest in technical education. | have
called the attention of all the subordinate
governments to the desirability ofpromoting this
branch of instruction by every means in their
power. But I must remindyou that it is neither
within the competence nor the function of the
Supreme Governmenttogivepractical effectto its
views. The latter responsibility devolves on the
local government to a certain degree, but still
more largely on the Indian community. Even the
local governments, unassisted by the liberality
and counsels of those who are in a position to
supporttheir efforts, can butdo little".

The impulses, which led to the formation of the
Indian National Congress, were also responsible
for the origin of the Victoria Jubilee Technical
Institute (VJTI), which was founded in 1887. The
great names associated with the Institute include
Dadabhai Naoroji, Pherozshah Mehta, Dinsha
Wacha, R.D. Ranade, Badruddin Tyabji, K.T.
Telang, and philanthropic members of Jeejabhai,
Wadia and Petit families. The public donations
collected to commemorate the viceroyalty and to
celebrate the Golden Jubilee of Victoria's reign
provided the funds.

Stagnation atthe end ofthe 19thCentury

The facilities oftechnical education at the end of
19thCentury comprised 4 engineering colleges at
the degree level, about 20 survey and technical
institutions and some 50 industrial schools. The
standard ofeducation was very good except in the
industrial schools. The diplomas/ degrees of the
colleges were recognized by the Institute of Civil
Engineers, London. However, there was
stagnation in the growth of education. Only 6
engineers passed from Sibpur in 1861 and 9 in
1900, averaging just 5.4 during the first forty
years. Roorkee also operated below par; till 1856
a total of 31 engineers passed out against the
sanctioned outturn of 152 during its first 8 years;
in the next 12 years (1857-1869), 84 students
passed out at an average of 7 per year against the
capacity of 25. The reason for non-utilization of
the capacity was not the non-availability of
suitable candidates but the then prevailing
employmentpolicy ofthe Government.

The Government support for the development of
technical education came to a standstill by 1875.
In the next quarter century, the Engineering
Colleges barely continued to exist. The attitude of
the Government was at variance with the need of
the public. An elaborate system of technical
education was being demanded to improve the
employability of youth and to reduce the poverty
of the people, whereas the Government opinion
was that the development of industry was a pre-
requisite for the expansion oftechnical education.
The resulting debate helped in creating public
awareness of private efforts. Establishment of



VJTI was the first example. The national
sentiment for technical education found its
greatest expression in the endowment of Rs.30
Lakh created by Jamshedji Nusserwanji Tata in
1898 to promote a technical institution, which
finally led to the creation of the 11Sc. In
Bangalore.

Emergence of Public Opinion

In 1880s, a new class of educated Indians was
growing and making its presence felt. Many of
them had exposure to education, literature and
political thoughts of the West. This class wanted
to emulate the West to make progress in respect of
technical education and industrial development.
This new class began to impress on the
Government the need to start and accelerate the
pace of such development. It had the support of
some Englishmen but the majority of them were
Indians. Englishmen on the official side said that
the Indians were trying to move too fast.

The newspapers with national leanings were
continually faulting the Government for not
making enough provisions for technical
education. Unemployment was on the increase
and technical education was viewed not only as
the basic need for industrialization but also as a
means to ameliorate unemployment. The Indian
National Congress in its third Session held at
Madras in 1887 passed a resolution that '—
having regard for poverty of the people, it is
desirable that the Government be moved to
elaborate a system of technical education’. A
mention of the need to have technical education
became a regular feature of the Presidential
address at Congress Sessions and its resolutions.
In particular, the subject was emphasized by the
Congress Presidents, W.C. Banerjee in 1892,
Anand Mohan Bose in 1898, Chandavarkar in
1900 and Madan Mohan Malviyain 1909. Earlier
in the 1901 session the Congress passed a
resolution expressing its opinion that a
Government College of Mining Engineering be
established at some suitable place on the model of
the Royal School of Mines in England and the
mining colleges ofJapan and Europe.

Individuals were coming forward with schemes
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of their own and published pamphlets and
newspaper articles emphasizing the need of
technical education. At the same time, some
individual Englishmen and English newspapers
derided these ideas. For example, one
Englishman bemoaned that Bombay had already
voted money for technical education to loosen a
further flood of technical education upon this
land. He added that the bulk of native educated
community approved ofthe scheme because they
did not understand what it meant. Even the
prestigious Pioneer, then a leading Anglo-Indian
paper, observed: 'the technical education in
Central Provinces being everywhere rampant,
and that engineering and agricultural classes
have sprung up with the rapidity o fmushrooms..

Lord Curzon’s Dispensation

In 1900 Viceroy Lord Curzon appointed Sir
Edward Buck to advise him on technical and
industrial schools. Buck recommended that
technical education be separated from the general
education at all levels in terms of separate schools
and separate administrative set-ups. His views,
however, were ignored. In 1901, Curzon
appointed a committee under the chairmanship of
Col. John Clibbom, Principal of Thomason
College, to examine the subject of technical
education. Its report did not appeal to Curzon and
was not even published. Curzon, did not favour
spreading higher level technical education in
India. His response to Tata's scheme of starting a
higher level science research institute was
lukewarm. Curzon was of the opinion that India
did not have the necessary educational base to
profit from higher technical education. He was in
favour of beginning at the lowest level. Fresh
Government resolutions resulted only in opening
a fewmore technical and industrial schools. There
were few industries in India and most of them
were owned by the Europeans. They preferred to
employ Europeans in all technical positions.

In 1902, Indian Universities Commission was
appointed, which made the following
recommendations on technical education: As the
Colleges ofEngineering train a large number of
studentsfor the lower branches o fthe profession
and only a small numberfor the higher branch of
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which alone the University takes cognizance, we
do notthinkitdesirable that the Universityshould
itselfundertake instruction inEngineering'.

Negative Response of Provinces to the Offer of
Additional Grants

The Government of India sent out a circular in
1903 to the provincial Governments asking for
suggestions on the utilization of additional grants
for technical education. Punjab replied that it
wanted no immediate establishment of technical
schools. United Provinces, as advised by the
Upper India Chamber of Commerce, considered
technical schools unnecessary and the industrial
schools serving no useful purpose. Madras
wanted no grants for expansion. Bombay wanted
to reorganize the VJTI, and to start three or four
new technical schools. Bengal wanted a weaving
school at Serampore. These negative replies
further convinced Curzon that technical
educationwas notneeded.

Butthe Indian public opinionwas different. When
Curzon fund exceeding Rs. 1.5 crores for setting
up a Memorial for the Queen Victoria was
collected, the public opinion was strongly in
favour of utilizing it to advance the cause of
technical education. Itwas suggested that the fund
be added to Tata's gift for a science institute. But
Curzonpreferred amonument in stone.

The Swadeshi movement ofthe first decade ofthe
20th century also led to the urge of Swadeshi
education. During this period, many national
educational institutions, free from the
Government control, were established for
example, National Council of Education, Bengal
(1906), which later became the Jadavpur
University and some others. A few of them also
imparted technical education. In the decades that
followed some more institutions imparting
technical and industrial education at various
levels, and in different disciplines of technology
were established.

PostWorld-War |

After the World War I, the Government became a
little more responsive to the public demand of
technical education. The situation, which was

stagnant during the War period, began to improve.
Several institutions were established during the
War and in the decades thereafter. They included
the Banaras (then Benares) Hindu University
(1916), the Harcourt Butler Technology Institute,
Kanpur (1920), the Calcutta University College
of Science and Technology (1920), the Bihar
Engineering College, Patna (1924), the Indian
School of Mines, Dhanbad (1926), the Maclagan
College of Engineering, Lahore (1930), the
Andhra University, Vizag (1933), the University
Department of Chemical Technology, Bombay
(1934), and the Aligargh Muslim University
(1935). Some colleges were started in the Princely
States of India in 1937. Many other colleges inthe
four regions of the country were started in
subsequent years. There was a lack of
coordination at the all India level, and to some
extent at the provincial level on the issues of the
contents and the duration of the educational
programmes. The nomenclatures, 'Engineering’,
"Technical', "Technological’, or 'School’, 'College’,
and 'Institute’ were arbitrarily used, and did not
indicate the level ofthe programmes.

Abbott and Wood report commissioned by the
Government of India in 1937 stated that provision
for technical education at all levels was too
inadequate for a large country like India, and that
there was no integrated policy and there was no
coordinating agency for its proper development.
Later, for coordination and standardization ofthe
courses, the All India Association of Principals of
Technical Institution was formed in 1941. Several
technical institutions were established in different
parts of the country during this period. As
recommended by the Abbot-Wood Committee, a
Polytechnic was established in Delhi in 1941.

Pre-independence Initiatives

In 1944, the Central Advisory Board of Education
was asked by the Reconstruction Committee of
Viceroy's Executive Council to give a report on
the post-war education development in India. In
the light of the Report, the Council appointed a
committee in 1945 under the chairmanship of
N.R.Sarkar to consider the development ofhigher
technical institutions in India. In its interim report
submitted in 1945, the Sarkar Committee



recommended the establishment of not less than
four Higher Technical Institutions, one each inthe
North, East, South and the West. The objectives of
these institutions were expected to be similar to
those pursued by the Massachusetts Institute of
Technology, USA. The key features of the
proposed programme were non-specialized
orientation and integrated curricula supported by
institutional processes that would encourage
Indian students to think creatively. The products
ofthese institutions were expected to be ‘creative
scientist-engineers' and technical leaders with a
broad human outlook and individuals with
‘creative initiative in future situations'. All
students were expected to have strong core
knowledge of basic sciences, engineering
sciences, humanities, and technical arts besides
the professional courses in chosen disciplines.

The number of engineering colleges in the year
1946 was 46 with an intake capacity of 2500
students. These colleges catered predominantly to
the needs ofthe various Government departments
such as Public Works, Railways, Electricity,
Telecommunications, Irrigation, etc. A very small
proportion of engineers found opportunities in
private sector companies engaged in engineering
operations. The intake capacity for post- graduate
education in engineering was a mere 30 students
in 1947. Most had to go abroad to obtain
postgraduate education in engineering.

On the recommendations of the Sarkar
Committee, a national agency, All India Council
for Technical Education (AICTE, then not a
Statutory body), was established in 1945 for
planned and coordinated growth of technical
education in India. In 1947 at the time of
Independence, Polytechnic education was
severely lacking in respect ofeligibility, duration,
standard and management. At that time, only 53
institutions conducted Diploma courses in the
country with an intake capacity of 3670 students.
The major task of the AICTE was, therefore,
coordination, standardization and improvement
of Polytechnic education. The action on the other
recommendations, which led to the establishment
of IITs, was taken by the Government of India
after Independence.
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Earlier Initiatives in Independent India

The Government of India, after Independence,
recognized the importance ofthe quality technical
education for the economic and industrial growth
of the country, which required the future
generation of engineers to be competent,
innovative, good designers and excellent product
manufacturers. The Radhakrishnan Commission
Report (1949) made several recommendations on
technical education emphasizing the need of new
types of engineering and technical institutions in
India. As a consequence of these
recommendations, several new developments
took place inthe subsequentyears.

The visionary report of the Sarkar Committee
gave rise to the birth ofthe first Indian Institute of
Technology at Kharagpur in 1951 followed by
four other 11 Ts at Bombay, Madras, Kanpur and
Delhi inthe late fifties and early sixties. The 11T at
Guwahati, Assam started functioning from 1992.
The University of Roorkee was converted into an
1T in 2001 after the State of Uttar Pradesh, which
already had an 1T, was reorganized to create a
new State, Uttaranchal (now Uttarakhand).

The initiatives to conceive a grand design for
technical education in India and to implement the
concept true to its spirit, in the form of Indian
Institutes of technology (11Ts), was a hallmark
development in independent India. The
performance ofthe I11Ts during the last four to five
decades has provided a sense of fulfillment. Their
achievements in producing high quality engineers
and technologists and in undertaking advanced
R&D in science and technology, have received
worldwide recognition. Though their future
directions may depart from the original design,
they will hopefully continue to maintain their
reputation and theirbrand image.

Considering the ambitious economic and social
development goals ofpost-independent India, the
need for training engineers in much larger
numbers and in diverse disciplines was acutely
felt. While anumber ofengineering colleges were
started adopting the conventional pattern of
engineering education, there was a desire to
establish a few technological institutions which
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would provide world-class technical education
and would have the dynamic characteristics to
adopt themselves to rapid changes in engineering
knowledge and its applications.

In 1959, under the chairmanship of M.S. Thacker,
a Working Group on Technical and Vocational
Training and also a Committee on Post-graduate
Education and Research were constituted.
Another important step in the development of
technical education was the appointment of the
Kothari Commission (1964). The Kothari
Commission Report contained many
recommendations, which included the
importance of practical training and industry-
institute interaction. During the first two decades
after Independence, the expansion in technical
education was accompanied by huge investments
by the Government in infrastructure in the
academic institutions. Inthe late fifties, faced with
a serious shortage of faculty in technical
institutions, a Technical Teachers Training (TTT)
programme was started. Reasonably attractive
fellowships were offered to fresh graduates to
induce them to study for a post-graduate degree in
one ofthe leading institutions in the country, and
later tojoin the teaching profession. Some teacher
trainees were also sent abroad for acquiring
higher qualifications. The Technical Teacher
Training (TTT) programme resulted in the
creation ofalarge pool ofdedicated teachers.

Growth of Technical Education

On the recommendation of the Engineering
Personnel Committee, which was appointed by
the Planning Commission in 1955, the
Government of India initially decided to establish
eight Regional Engineering Colleges (RECS). In
order to provide each State with a Regional
Engineering College, seven more were approved
during the Third Plan period, bringing the total
number of RECs to fifteen by 1972. Two more
were added later, one in Jullandhar (1985) and the
other in Hamirpur (1989).

After the TTT programme was phased out, the
Quality Improvement (QIP) for improving the
quality oftechnical education and developing the
faculty of engineering institutions was launched

by the Government of India in 1970. This
programme is operated in 25 engineering/
technical institutions; seven of them are major
QIP centres and eighteen are minor centres. This
programme provides opportunity for continuous
upgrading ofknowledge and skills ofpersons who
are already in the teaching profession. Over the
years, a large number ofteachers acquired higher
degrees from the leading institutions in the
country under this programme.

In order to assess the impact of foreign technical
assistance on the development of technical
education in India and to determine the areas
needing to be further developed and supported
through the foreign technical assistance
programme, the Government of India appointed a
Committee under the chairmanship of Y.
Nayudamma (1978). Another Committee also
under the chairmanship of Nayudamma was
constituted at about the same time to review the
postgraduate education and research in
engineering and technology and make
recommendations for further development.
Whereas, little is known about the outcome ofthe
former, several recommendations of the latter
were implemented.

The National Policy on Education (NPE 1986)
was amajor developmentin the field ofeducation.
NPE came out at atime when the role and impact
of private institutions imparting technical
education were not known or even perceived.
NPE was, therefore silent on this aspect and so
was the resulting Programme of Action (POA
1992). This weakness ofthe Policy still persists

Postgraduate Education in Engineering and
Technology

The postgraduate education in engineering and
technology in India had a late start. The
postgraduate programmes in the country started
in a few institutions in early 1950's but the
doctoral programmes were not common until
early 1960's. The recommendations of the
Thacker Committee (1959-61) and of the
Nayudamma Committee (1978-79) played a role
in the development ofthe postgraduate education.
These Committees were constituted by the then



Ministry of Education and their reports were
submitted directly to the Ministry for perusal and
action. Later a Review Committee on
Postgraduate Education in Engineering was
constituted by AICTE in 1995 under the
chairmanship ofR RamaRao, which submitted its
Report to AICTE in 1999. The actions on this
Report have been slow and sporadic. The
postgraduate education in Indiaremains weak and
needs urgent attention. With a weak postgraduate
education in engineering, the technology base
will be weak and India will not be able to become
a frontrunner in the field oftechnology, industrial
productivity and the service sector, which
determine the growth and development of the
country.

Rama Rao Committee Report

Rama Rao Committee supported the 'GATE'
system of admission and recommended the
increase of the duration of M.E./M.Tech
programme from 18 months to 21 months,
enhancing the scholarship to post-graduate
students, with a provision of its periodic review.
The duration of the programme was, however,
increase to 24 months. The Rama Rao Committee
recommended strengthening the one year post-
graduate diploma programmes in suitable
disciplines with industrial/ application
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orientation, namely maintenance of thermal
power stations, plastics engineering, industrial
engineering, VLSI design, CAD, Information
Technology, et al. These programmes could be
aimed at key industry personnel and the
concerned industries should be expected to invest
in setting up links with selected institutions. The
Diploma programme could be offered both on-
campus and in Distance Education mode. The
Rama Rao Committee recommended enrolling
foreign students in post-graduate programmes,
particularly in emerging areas since many
countries may not have the facilities in those
areas. The Committee emphasized an assured
placement through active linkages with potential
employers. It recommended that programmes in
new areas be started after careful considerations
of all aspects and with due care, and listed 35
representative areas. The Committee
recommended restructuring and, at the same time,
phasing out ofthe outdated programmes.

Expansion of Technical Education and the
Private Sector

The technical education in India has expanded
enormously. The quality of education however, is
a major concern. The AICTE website gives the
following statistics of the approved technical
institutions.

Intake in UG Engineering/ Diploma Engineering (Source AICTE Website, not updated)

Region Number of States

Central 03

Eastern 12
Northern 03
North-West 06+1UT
Southern 03
South-West 02
Western 2+1UT

TOTAL

More I1Ts are being planned and conceptualized;
the Joshi Committee short-listed seven
institutions to be considered for raising them to
the level of 11Ts. The Anandakrishnan Committee
subsequently did a detailed exercise, which
included visits to the seven institutions. In its

Engineering/ Diploma

Number of Institutions Intake
112/101 37195/23741
114/146 34016/22905
106/117 32298/15689
153/130 50645/ 30206
496/315 165757/79675
207/ 254 70788/48600
158/181 48990/44600

1346/1244 439689/265414

report submitted to MHRD in February 2006, the
Committee recommended a concept for a new
group of Institutions calling them Indian Institute
of Engineering Science and Technology. Lately,
the MHRD has taken another initiative to
establish three new I1ITs and constituted a
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Committee to submit recommendations on the
suitability ofthe sites proposed by three States to
establish them. This Committee has submitted its
report to the MHRD. Time has come for the
policy makers to look beyond IITs, not only
because establishment ofnew institutions require
huge investments but more so because the
framework, the structure and the philosophy of
new IITs or new leading Institutions designed in
2007-08 would have to be different from what
they were in 1951.

All the 20 National Institutes of Technology have
been declared as the Institutes of National
Importance by the NIT Bill 2007 passed by both
the Houses of Parliament and by the Law, which
came into force from August, 15, 2007. The
collective NIT Vision 2025 isto produce 'thinking
engineers' with ‘sensitivity for the cause of
nation', who will have the ‘capability to develop
new technologies'. Effective and consistent
implementation of the plans and programmes
backed by sound policies, rather than the statutory
label of 'national importance’, will enable the
NITs to realize their professed mission and may
take them beyondthe I Ts.

Some issues in Technical Education

I listing below some issues concerning technical
education, which may be considered important
needing attention:

()  The governance structures of engineering
institutions

(i) Expansion of engineering education and
quality issues

(iii) Systems of regulation and their efficacy to
ensure norms and standards of technical
education; inwhatway they have succeeded
and inwhatway they have not?

(iv) Admissionpolicies andprocesses

(v) Shortage ofteaching faculty

(vi) Awvailability of good text-books and other
learning materials

(vii) Teaching and learning in electronic
environment
(viii) Laboratory practices
(ix) Computer and communication skills of
students
(x) Entrepreneurship training and skills as part
ofcurricula
(xi) Role and initiatives of industries in
engineering education
(xii) Quality ofteaching andresearch
(xiii) Accreditation of courses/ programmes and
mobility of students with credittransfers
(xiv) Actual cost of technical education and how
can itbe reduced andwhat shouldbe the price
ofeducationwhich students shouldpay
(xv) Collaboration with foreign Universities/
Laboratories for the following:
- Exchange ofstudents and faculty
- Mutual arrangements to utilize sabbatical
leaves
- Mutual arrangements for Credit Transfers
- Joint R&D programmes with foreign
Universities including international
bidding for contractresearch
- Issues related to regulatory measures of
AICTE, UGC and MHRD regarding tie-
ups with foreign institutions.

Conclusion

At the threshold of the current Century, the view
which emerged from the UNESCO—World
Conference on Higher Education is particularly
relevant to technical education: A renewal of
Higher Education is essentialfor the whole society
to be able toface up to challenges ofthe Twenty
First Centurytoensureits intellectual independence,
to createandadvanceknowledge, andtoeducateand
train responsible, enlightened citizens and qualified
specialists, without whom no nation can progress
economically, socially, culturally or politically'.
Education faces a major challenge of providing
learning opportunities to the society that will
empower the citizens to cope with increasing use of
science andtechnology inthe 2 1¢Century, which is
growing atan ever-increasingprice.
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Introduction

The citizens of the planet earth with a population
ofmore than 6 billion, over periods of civilization
in different parts ofthe world, have progressively
endeavored to provide and search for better
quality oflife. Certain parts ofthe world practice
science and technology, robust management
philosophies and broad variations of capitalism
and socialism with clear perspectives and
programmes, and have achieved remarkable
success in their objectives. It is also the fact that
more than 2 billion ofthe population do not have
access to even minimum amount of energy, clean
water, education and healthcare. The
disappointing fact is that the deprived citizens,
which include a large fraction of expecting
mothers and children, do not see the hope and
faith inthe political systems in their countries, the
world systems and the organizations created for
the purpose of providing inputs and catalytic
processes to achieve the minimum standard of
life. The population is likely to growto about 9
billion by the end of 2050, and the climate
changes are threatening to deprive the under-
privileged more than those who are doing well in
the world.

Thus, we find that the world is divided between
optimism and disillusionment. History is
demonstrative ofthe fact that enlightened human
beings can remove disillusionment with their

capacity, capability, commitment, approaches and
selfless service. The nations and the world bodies
require leadership of intellectuals, social
scientists, scholars and the believers in the voice
of democracy to guide the systems and societies
where politicians and bureaucrats combine their
sensitivity to large masses with intellectuals and
professionals to have high synergy for enhancing
quality of life for the deprived citizens of this
planet in a systematic and demonstrative manner.
This brings to focus the importance of ethics of
individuals and the organizations. The current
scenario also demands a coherent synergy
between the ethical organizations to deliver
equity to all citizens on this planet. Equity to all
means education with health care and equal
opportunity. Realizing that a developed
civilization also means creating an eco-system in
various parts of the world for wealth generation
and management. It is clear that cost effective
energy, sustainable over centuries in various parts
of the world; with strong base in science and
technology along with addressing the issues of
global warming and sustaining and enhancing
bio-diversity are the key issues. There is a need
that energy, water, health, land and food are
considered in a comprehensive and interlinked
fashion for sustainable options to provide better
quality of life to all the citizens of the planet

(Fig-1)-
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Energy, wafer, health, land, food are to be considered in a comprehensive
and interlinked fashion for sustainable options with better quality of life to

all the citizens of the Planet

Fig.l A developed civilization scenario

The Gross Domestic Product (GDP) and other
indices of socio-economic development like
literacy, longevity and human development are
also directly dependentupon the per capita energy
consumption of a country. As far as India is
concerned, it is the largest democracy with the
current population of about 1.05 billion, and is on
aroad to rapid growth in economy. An impressive
average the GDP growth rate ofabout 8% per year
has been achieved in succession over the last 4-5
years. The growth rate has to be sustained at high
levels over the next 10 years to address the
challenges developed in India. The current per
capita energy consumption in India is 23 GJl/a
which is significantly low compared to 332 GJ/a
in the USA and 220 GJ/a in the OECD
(Organization for Economic Cooperation and
Development) countries. Out of this, the per
capita electricity is still low (about 660 kWh/a =
2.4 GJ/a), compared to 13000 kWh/a (47 GJ/a) in
the USA and 8204 kWh/a (50 GJ/a) inthe OECD
countries. Hence, the demand for arapid increase
in the electricity generation capacity in the

coming decades is beyond a matter of debate for
Indiato realize its dreams ofa sustained growth in
economy backed by strong industrial
development. Realising its requirements and the
potential, India is aiming to reach at least the per
capita energy consumption of the present world
average (2200 kWh/a) by 2030 from the current
value of 660 kWh/a. This calls for the electricity
generation capacity of about 600 GWe by 2030
assuming a population of about 1.4 billion. It is
worth mentioning that the present energy scenario
is not satisfactory, and the persistent shortage,
unreliability and high prices for industries need to
be eliminated on priority. Raising the electricity
availability by about 5 times in the next twenty
five years calls for a careful examination ofall the
issues related to sustainability, including relative
abundance of available energy resources, the
diversity of sources of energy supply and
technologies, security of supplies, self-
sufficiency, security of energy infrastructure,
effect on local, regional and global environment
and demand management.
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Fig.2 Current Indian energy resources and Nuclear Contribution

India has good reserves of coal and river system
and these must be exploited with the best
technologies. The current Indian energy resources
and the projected nuclear contribution are
illustrated inFig.2. The Integrated Energy Policy
document of the Planning Commission,
Government of India, indicates that the proved
reserves of coal, the most abundant energy
resource, at the current level of consumption can
last for about 130 years. Of course, coal and
lignite consumption will increase in the future,
and the reserves would last for a limited period. If
the domestic coal production continues to grow at
5 % per year, the total, including proved, indicated
and inferred, extractable coal reserves will run out
in around 45 years. Bio-waste is a good option for
us while biomass should be carefully considered
to ensure that this option does not conflict with the
food cycle for human beings, cattle and other
species. Strong R&D base in nuclear energy in

the country, and recent indicators that Indiawould
be integrated in the world nuclear energy system
for civil nuclear energy allow us to forecast a large
contribution from nuclear energy in the coming
50 years. However, judicious combination of all
the energy resources is essential for India.

The concerns vis-a-vis the threat of climate
change has also been an important issue in
formulating the energy policy of India.
Environmental concerns are associated with all
forms of energy including fossil fuels, nuclear
energy and renewable, sources throughout the
energy chain from exploration, mining,
transportation, and generation to end-use. Carbon
dioxide from fossil fuel combustion accounts for
about 40 % ofthe global warming. A 1,000 MWe
coal-fired station consumes 3 million tonnes of
coal peryear producing 7 million tonnes ofcarbon
dioxide, 120 thousand tonnes of sulphur dioxide,
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20 thousand tonnes of nitrogen oxide and three
quarters of a million tonne of ash. These
emissions produce much of the environmental
damage including global warming through the
green-house effect. Similarly, for hydel projects,
large environmental impacts and loss of land
occur. Apart from the concerns of environmental
issues, the high fluctuations in natural gas prices
faced by the country call for an urgent need to
diversify the energy production. From this point
of view, nuclear energy is considered to be the
most preferred option for the country.

Nuclear Energy: Concept of Nuclear Fission
and Breeding

Fission is a nuclear reaction where a fissile atom,
after absorbing a neutron splits mainly into two
atoms of nearly equal masses (fission products).
A fission, apart from generating fission products,
generates more than one neutron and also releases
large amounts of energy. Such reactions are
possible in heavy atoms such as Uranium-235,
Plutonium-239 and Uranium-233, which are

called fissile isotopes. Natural uranium contains
about 0.7% Uranium-235 and the rest is Uranium-
238. Other two, i.e. Plutonium-239 and Uranium-
233 are not naturally occurring isotopes. They are
generated by a process called nuclear radioactive
transmutation (capture of one neutron followed
by two successive emissions of beta particles) of
Uranium-238 and Thorium-232 (simply
thorium), respectively. These two are called
fertile isotopes. Natural uranium and thorium are
the naturally occurring nuclear fuel materials. The
energy generated by fission in one fissile nucleus
is ~ 3x10"BkWh. Since one kg of Uranium 235
contains about 2.5x102nuclei, one kg of natural
uranium containing about 7 g of Uranium 235 has
an electricity potential of ~ 52,500 kWh. The
number of neutrons generated from fission per
neutron absorbed in the fissile material, called “rj’
depends upon the energy of the neutron when it
gets absorbed. For fission reaction to be
sustainable, 4 should be greater than 1 Table-1
givesthe ‘rfvalue:

Table-1 ‘i)' values for various nuclear fissile isotopes

Reactor types Natural Uranium Uranium 235 Uranium 233  Plutonium 239
Thermal 1.34 2.04 2.26 2.06
Fast <1 2.20 2.35 2.75

It emerges from the above numbers that fast
reactor with natural uranium is not possible since
N is less than unity. Fast reactors yield higher
number of neutrons, the highest yield being with
Plutonium-239. In order to maintain the steady-
state energy generation, one neutron must be
reserved to continue the fission chain. The excess
ofneutrons thus generated is the key parameter in
the nuclear fission scenario, which is the measure
ofthe quality ofthe fissile elementwith respect to
breeding.

Breeding is a concept of artificial production of
fuel for nuclear reactors. For realizing breeding,
.., fissile material production to be greater than
fissile material consumption, out ofsay A neutrons
produced by one fertile atom for one neutron
captured, one must be reserved to continue the
fission chain while 'p' neutrons would be lost

unproductively due to capture and leakage.
Hence, the number of neutrons available for
capture by the fertile nucleus to do conversion is
givenby [r] - (1+p)]. Obviously, thismustbe 1for
breeding to take place. Thus, 4 should be greater
than [2 + p]. Hence, the choice is to have r| as
much greater than 2 as possible. Breeding ratio is
ameasure ofthe degree of conversion of fertile to
fissile material and defined as: BR = Fissile mass
produced / Fissile mass destroyed. The breeding
gain, i.e. BR-1 = Fissile mass gained / Fissile
mass destroyed, which decides the amount of
fissile material generated ina giventime. Since Pu
has highest yield of neutrons, which in turn will
result in highest BR, its use in fast reactor is most
beneficial from breeding point of view. The BR
needs to be higher than 1.03 for significant
utilization 0fU-238 in any reactor system.



A nuclear reaction, in general, can transform a
heavy nucleus. The newly generated nuclei
undergo all probable interactions and decays, so
that they have both production and destruction
routes. However, through aproper combination of
fissile, fertile and other materials arranged in a
carefully worked out geometry, it is possible to
realize afissile nuclei production rate that exceeds
the fissile nuclei consumption rate. A reactor
system in which this has been realized is called a
'Fast Breeder Reactor' (FBR). This category of
reactors can sustain energy production without
any external feed of fissile material; but
accumulates extra fissile material in the reactor,
which can be used for feeding a new reactor after
reprocessing. In advanced FBR, it is possible to
achieve a breeding ratio up to 1.5. Such high
breeding ratios are not possible in any other
reactor systems. In the thermal reactors, the
production of new fissile material (plutonium)
from uranium-238 is lower than the consumption
offissile material (uranium-235). Sothe breeding
ratio is less than unity and is called conversion
ratio. Hence, these category of reactors always
needs external feed of fissile materials and are
called 'converters'. Pressurized Heavy Water
Reactor (PHWR) comes under this category.

The effective utilization of uranium is possible
only in FBR system. This is quantified by
comparing with a typical PHWR system. With a
conservative 3% heavy atom loss in complete fuel
cycle, maximum utilization possible with FBR
system is about 85%. In once through fuel cycle of
the PHWR, 0.7% of the uranium resource
(average bumup 7000 MWd/t) is used. In a closed
fuel cycle through the FBRs, the fuel can be
recycled any number of times. But considering
the fissile material quality, reprocessing loss and
fertile feed for every recycle, around 10 recycles
are realisable. In every cycle, about 7 atom% of
heavy elements is burnt corresponding to an
average bumup of 70,000 MWd/t (peak bumup
100 GWd/t). Assuming that 7 recycles are
possible out of 10 projected earlier, nearly 49% of
heavy element atoms can be burnt in the FBR,
which gives a ratio of about 70 times uranium
utilization factor. This means that one kg of
natural uranium would generate about 36,80,000
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kWh in the FBR, compared to only 52, 500 kWh
possible in the PHWR. Considering that the
thermodynamic efficiency of the FBR steam
cycle (0.4) is higher than that of the PHWR (0.3)
due to higher operating temperatures in the FBR,
electricity generation becomes higher than
36,80,000 kWh per kg ofU inthe FBR route. Itis
worth mentioning that with advanced fuel with
high bumup (peak bumup 200,000 MWd/t) and
fuel cycle losses of 1%, it is possible to realize the
uranium utilization factor nearly 100 times higher
than that of once through fuel cycle thermal
reactor.

Although thorium possesses a number of superior
physical and nuclear characteristics than uranium,
it is not fissile. Thus, even with much greater
abundance than to uranium, and also early
recognition of its superior characteristics as an
energy source, thorium has lagged far behind
uranium. Inthe early years ofnuclear energy there
was enthusiasm for thorium worldwide and
several thorium-based reactor systems were
examined, but due to the easy availability of
uranium and saturation in energy demand in the
developed world, interest in thorium could not be
sustained. In India, on the other hand, the energy
demand has been growing fast. Considering
India's modest uranium reserves, large growth in
nuclear power can be realized only through
efficient conversion of fertile materials into fissile
materials and utilizing the latter to produce
energy. Development of appropriate breeders is
thus anecessity.

'‘While in the case of uranium systems, it is
necessary to go for the fastbreeder reactors, in the
case ofthorium systems the choice is not obvious
at this stage. Uranium-233, which is the fissile
isotope derived from thorium, runs equally well in
thermal as well as fast spectrum. Since Indiahas a
mature thermal reactor technology, there is a
strong motivation to continue with this. At later
point in time, when the fast reactor technology
also attained maturity, we can make relative
comparison, and choose either fast or thermal
reactor for thorium utilization.
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Indian Nuclear Programme

India has limited uranium and abundant thorium
resources (Fig.3). The uranium resources of
reasonably assured and inferred categories in
India is 84,600 t. (< 2% of world resource).
However, the thorium resource in the country is
225,000 t (the second largest reserve in the
world), which has an energy potential of 155,000
GWe-y. The uranium resource available in the
country can feed 10 GWe capacity of PHWRs for
~ 50 years with thermal efficiency 0f30 %. Since
the FBRs can extract more than 70 times thermal
energy from the same quantity of uranium and
generate electricity with higher thermal efficiency
(40 %), the available uranium can also feed 275
GWe for about 200 years, when used in FBR after
reprocessing. Thorium can feed 275 GWe

World class performance

Stage-1 PHWRs

* 15-Operating
* 3 -Under construction
" Several others planned
* Construction planned
for 700 MWe units
* Gestation period
being reduced
* POWER POTENTIAL 2
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Fig.3 Energy Resource position in India

capacity power plants for about 550 years. Taking
cognizance of India's nuclear resource profile,
Dr.Homi Bhabha formulated a Three Stage
Nuclear Power Programme' for achieving energy
independency (Fig.4).

Stage - Illl and Beyond
Thorium Based Reactors

*30 kwWitti KAMIN1- Operating

- POWER POTENTIAL =
155,000 GWe-y

- Availability of ADS

can enable early
introduction of Thorium

*Participation in ITER
towards development of
fusion technology

Unique Nuclear Site in the World housing all Three Stages & Closed Fuel Cycle Facilities

IGCAR - Mission Oriented Centre for Development of Science Based Technology for FBR

Fig.4 Three stage Indian Nuclear Power Programme



Enhancement of PHWR programme
through advanced uranium exploration,
import of natural uranium for PHWRs,
import of water reactors from outside
under safeguards are the current plans
of the department. It is also planned to
establish mega nuclear parks with co-
located fuel cycle facilities.

Importance of FBR with Closed
Fuel Cycle

With the limited nuclear resources
available in the country and
considering the recent substantial
increase in uranium prices, in view of
its efficient use of uranium FBRs with
closed fuel cycle, is an inevitable
option. Further FBRs are essential for
converting thorium to Z8J, required for
the third stage of Indian nuclear power
programme. FBR is a very efficient
system for handling actinides and long-
lived fission products in the domain of
waste management. FBR can be
designed to incinerate high-level
wastes arising from the reprocessing of
spent fuel (Fig.6). In the concept of
integrated FBR with co-located fuel
cycle, it is possible to derive wealth
from waste, i.e. fission products, such
as BBCs, will be separated and used as a
radiation source for various societal
applications. This approach minimizes
the quantity of waste to be
immobilized. The Separation of noble
metals such as Palladium for societal
applications such as catalysts, fuel cells
etc. arealso possible.
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Detailed calculations have shown
that thorium can be deployed on
a large scale about 3 decades
after introduction of FBRs with
short doubling time

Power profile
of PHWR
programme

~T

201Q 3035

Year

7010

Note; Results fora scenario with current domestic Uranium resources and
assume short doubling tim* FBR (mm 2021

Fig. 5 Strategy for Thorium
introduction in Third stage
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Fig.éc Benefits of closed fuel cycle

Further, the FBRs would also provide critical liquid metal technology and high temperature design inputs
for the future accelerated driven systems (ADS), fusion and high temperature reactor systems. These apart,
the FBRs can provide electricity at competitive costs over long periods. Hence, the FBRs are the most
preferred and suitable option for providing sustainable and environmentally acceptable energy systems.
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Reactor

Clementine

EBR-I
BR-5/BR-10
DFR
EBR-11
EFFBR
Rapsodie
BOR-60
SEFOR
BN-350
Phenix
PFR
JOYO
KNK-n
FFTF
BN-600
SPX1
FBTR
MONJU
BN-800
CEFR
PFBR

FAST REACTOR: OPERATIONAL DATA (2007)

Country

USA

USA
Russia
UK

USA

USA
France
Russia
USA
Kazakhstan
France
UK
Japan
Germany
USA
Russia
France
India
Japan
Russia
China

India

International Fast Reactor Programme

Power
MWt MWe
25 (KWt) -
1.4 0.2
8 _
60 15
62.5 20
200 66
40 -
55 12
20 -
750 150
563 250
650 270
50-75/140 -
58 21
400 -
1470 600
3000 1240
40 13.2
714 280
2000 800
65 20
1250 500

Total All Fast Reactors

Period of
Operation

1946-52

1951-64
1958-02
1959-77
1961-91
1963-72
1967-83
1968-...
1969-72
1972-99
1973-...
1974-94
1977-...
1977-91
1980-93
1980-...
1985-97
1985-...
1994-...

Under
construction

Cumulative years of

Operational
Experience

6 (Hg Cooled)

13
44
18
30
9
16
39
3
27
34
20
30
14
13
27
12
22
13

390



The cumulative operation experience of the FBR
adds up to 390 reactor years. Although this figure
includes, by definition, the shutdown periods due
to technical and administrative reasons, and also
some of the reactors have provided limited
experience, due to their small size and absence of
steam generators. This operating experience is
considered substantial for drawing a few generic
inferences. The small-size experimental reactors,
for example EBR-11, Rapsodie, BOR-60 JOYO
and FBTR have provided valuable experience on
sodiumtechnology, fuel element design involving
choice of fuel, cladding and wrapper material,
burnup limits demonstration, and material
irradiation data. EBR-I1, in particular, had been
extensively utilized for a robust sodium bonded
metal fuel development. The objective of US fast
reactor programme of U-19Pu-10Zr sodium
bonded metal fuel has been successfully
demonstrated in EBR-Il and FFTF. However,
these small-sized reactors have limitations in
demonstrating the structural integrity
requirements of commercial fast reactors as the
design loading, in particular, the thermal loading,
increases with the size/rating ofthe components.

The performance of austenitic stainless steels
with the exception of SS 321 has been satisfactory
in the fast reactors. Grades with which good
performance has been achieved include SS 304,
SS 304LN, SS 316, SS 316L and SS 316LN.
There have been a number of cracks and sodium
leaks associated with SS 321 welds in Phenix
secondary sodium piping and steam generators,
and super-heater and re-heater vessel shells of
Prototype Fast Reactor. The cracks are attributed
to delayed re-heat cracking. As a result, SS 321
has been replaced gradually by SS 316LN in
Phenix. In view ofthis experience, it emerges that
stabilized grades SS 321 and SS 347 will not be
considered for future fast reactors. Performance
of C-0.3 Mo steel (15 Mo 3) in Superphenix fuel
storage drum and sodium tanks constructed for
use in SNR 300 had not been satisfactory, and has
led torejection ofthis grade ofsteel for FBRs.

As far as steam generator is concerned, except for
Superphenix and FBTR, all the single wall steam
generators had experienced tube leaks during the
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operations. IHX operational experience, except
for the Phenix reactor and minor incident of drain
pipe failure in the EBR-II, has not been a concern
from consideration of loss of plant availability.
Sodium leaks from Phenix IHX took place at
secondary sodium outlet header as the thermal
loading due to the difference in temperature of
inner and outer shell was under-estimated at the
design stage. All the IHXs were repaired and a
number of heat exchangers got replaced
subsequently. Design modifications were carried
out in sodium outlet header, including
incorporation of thermal mixer. The performance
of the mechanical sodium pumps in the reactors
has been good, and the load factor outage due to
pumps is very marginal. Minor incidents had
occurred in EBR-II, Rapsodie, KNK-II, BOR-
60, FFTF, PFR, BN-350, Phenix and BN-600
sodium pumps with most ofthe incidents being in
the early periods of operation. To overcome the
problems of small sodium leaks, provisions have
been made in the design to minimize the
consequences of sodium leaks early, detection of
sodium leaks, fast dumping of sodium in safe
manner and fighting sodium fire. All the reactors
have design features specific to sodium leaks in
the primary radioactive sodium system into
inerted guard vessel/piping/cabin and not in air so
as not to result in fire. However, secondary
sodium piping is single walled and sodium leak
can cause fire. Sodium leaks have occurred in all
the power reactors, and in some cases leading to
sodiumfire.

The experience gained from the design and
operation of the SFRs has provided a firm basis
for the design of future commercial fast reactors.
The experience gives confidence in the
performance of fuel elements, sodium
components and in the safety of plant operations.
Maintenance on sodium components has been
well demonstrated. The operation with failed fuel
elements does not show any concern and provides
acceptable time for operator action. Fuel
performance gives confidence that the bumup can
be enhanced to 200 GWd/t in a phased manner
with improved cladding and wrapper materials.

There is renewed interest in fast reactors due to
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their ability to fission actinides, leading to
generation of less long-lived nuclides in high-
level wastes. The FSR systems will feature in
further works of the International Projects on
Innovative Nuclear Reactors and Fuel Cycles
(INPRO), and other international work on the
FSRs including the Global Nuclear Energy
Partnership (GNEP) and the Generation IV
International Forum (GIF). In this respect, the
operating experiences have paved the way for
reaching the ambitious objectives of safety,
reliability, performance and competitiveness,
targeted for the future FSRs.

FBR Programmein India

The seed for fast reactor programme in India was
sown through the establishment of a research
center (then called Reactor Research Centre) in
1972 dedicated to the development of fast reactor
technology and by the decision to construct Fast
Breeder Test Reactor (FBTR) at Kalpakkam. The
FBTR is a sodium cooled loop type 40 MWt /
13.2 MWe experimental reactor which was
commissioned in 1985 with an unique plutonium
rich carbide fuel (70 % Pu & 30 % U). The
experience gained in the construction,
commissioning and operation of the FBTR as
well as 390 r-y worldwide FBR operational
experience, rich experience with MOX fuel, 30y
of focused R&D programme involving extensive
testing and validation, material and
manufacturing technology development and
demonstration, peer reviews and synergism
among DAE, R&D Institutions and Industries,
have provided the necessary confidence to launch
a Prototype FBR of 500 MWe capacity (PFBR).
The reactor construction was started in 2003, and
the reactor is scheduled to be commissioned by
2010.

As a follow-up to the PFBR, it is planned to
construct two twin units of 500 MWe reactors,
with improved economy and safety during 2010-
20. Various elements of reactor design are being
carefully analysed with the aim of introducing
innovative features towards further reduction in
unit energy cost and enhancing the safety in these
reactors. Clear strategies have been identified to
simplify the design, reduce the construction time,

enhance the bumup and close the fuel cycle with
minimum cooling and out-of-pile inventory,
without sacrificing the overall safety during the
entire process. It is targeted to bring down the unit
energy cost by ~ 25 %. Further, with advanced
structural materials for clad and wrapper, a
bumup of 25 at % is envisaged for mixed oxide
fuels.

It has been realized that for enhanced growth of
the fast reactors in the country, it is imperative to
develop metallic fuelled FBRs, which promise a
much higher breeding. A comprehensive
programme on the development of metal fuelled
reactor and its fuel cycle has been undertaken with
the aim of introducing metal fuel in commercial
FBRs by 2020. Fabrication of the test fuels for
irradiation in the FBTR and pilot plant for
pyrochemical reprocessing are the firm action
plans under implementation. Directed researchto
develop metallic fuels for achieving high
breeding ratio (1.45) and high bumup of~ 25 at %
is the target; based on which a spectrum of
activities with synergism have been undertaken in
the Department of Atomic Energy.

The design features of FBRs, challenges and
achievements in the science and technology ofthe
FBR and fuel cycle, highlights of R&D, future
plans and the road-map for achieving robust
growth of fast breeder reactor technology with
closed fuel cycle in India, are highlighted below.
In the subsequent discussion, the term FBR refers
to the sodium-cooled fastbreeder reactors.

Description of PFBR Plant and Related Fuel
Cycle Facility

The PFBR is a pool type reactor with 2 primary
and 2 secondary loops with 4 steam generators
per loop.The overall flow diagram comprising the
primary circuit housed in the reactor assembly,
secondary sodium circuit and balance of plant
(BoP) is shown in Fig.7. The nuclear heat
generated in the core is removed by circulating
sodium from cold pool at 670 K to the hot pool at
820 K. The sodium from the hot pool after
transporting its heat to four intermediate heat
exchangers (IHX) mixes with the cold pool. The



circulation of sodium from
the coldpool to the hotpool
is maintained by two
primary sodium pumps and
the flow of sodium through
IHX is driven by a level
difference (1.5 m of
sodium) between the hot
and the cold pools. The
heat from IHX is in turn
transported to eight steam
generators (SG) by sodium
flowing in the secondary
circuit. Steam produced in
the SG is supplied to turbo-
generator.

Inthe reactor assembly (Fig.8), the mainvessel is
the important component which houses the entire
primary sodium circuit including the core. The
sodium is filled in the main vessel with free
surfaces, blanketed by argon. The inner vessel
separates the hot and cold sodium pools. The
reactor core consists of about 1758 suba-
ssemblies including 181 fuel sub-assemblies.
The control plug, positioned just above the core,
houses mainly 12 absorber rod drive mechanisms.
The top shield covers the main vessel and
supports the primary sodium pumps, intermediate
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Fig. 7 PFBR flow sheet

heat exchangers (IHX), control plug and fuel
handling systems. PFBR uses mixed oxide with
natural uranium and approximately 30 % Pu oxide
as fuel. For the core components, 20 % cold
worked D9 material (15 % Cr- 15 % Ni with Ti
and Mo) is used to have better irradiation
resistance. Austenitic stainless steel type 316 LN
is the main structural material for the out-of-core
components and modified 9Cr-1Mo (grade 91) is
chosen for SG. PFBR is designed for a plant life
0f40y with a load factor of 75 % which would be
increased gradually up to 85 %.
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Fig. 8 A Schematic of PFBR Reactor Assembly
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The closed fuel cycle with recovery of fuel
material from the irradiated fuel and recycling of
the fuel, are important ingredients for the
sustainability of the fast reactor programme,
because the recycling of the fuel is necessary for
achieving the effective utilization of the valuable
fissile material. By adopting co-extraction of
uranium and plutonium, with optimized
decontamination factors for the fission products,
closed fuel cycles with realizable strategies and
technologies would be established, for achieving
economy, safety and societal acceptance. The
co-location ofthe fuel cycle facility of fabrication,
reprocessing and waste management along with
reactors would minimize the cost of the energy,
allow better physical control ofthe fissile material
and reduce transportation risks. This philosophy
will, therefore, be adopted in planning of the Fast
Breeder Reactors at various sites. Simultaneously
with the construction ofthe reactor, the fuel cycle
of the reactor has been addressed in a
comprehensive manner, and the construction ofa
co-located fuel cycle facility has been initiated. A
dedicated Fast Reactor Fuel Cycle Facility
(FRFCF) for reprocessing of the Prototype Fast
Breeder Reactor fuel is being co-located near the
reactor. The co-location concept obviates the need
for transportation of plutonium through public
domain, thus avoiding any radiation related
hazards during transportation. The high-value
fissile material remaining in the spent fuel from
the PFBR is separated in this facility, processed
and recycled to the reactor in the form of
fabricated fuel pins.

Challengesin FBR Science and Technology

As indicated above in an FBR with 40 % thermal
efficiency, 1 gram of heavy metal can generate
120 kwd electrical power. About 60 g ofnatural U
is required for the PHWR to generate this energy,
and about 1.510f coal is required for fossil plant.
To harness this potential of the FBR, advanced
core structural material to withstand the effects of
high irradiation and an efficient coolant to extract
the high heat generated in the fuel are the essential
requirements. The structural materials are being
researched and evolved continuously to meet the
higher standards of performance. The current
state-of-the-art material, namely, D9 allows for

achieving the maximum bumup of about 100
kwWd/g. Developing suitable structural materials
Is the most important issue as the governing factor
for the end of life for the fast reactor fuels is the
structural material, not the fuel. This calls for
extensive R&D in both science and technology
including post-irradiation examination (PIE)
techniques to achieve a target bumup of 200
kWd/g, As far as coolant is concerned, the liquid
metal, particularly sodium, is preferred. However,
there are many challenging issues in both science
andtechnology that have been resolved but there
are a few issues yetto be addressed, particularly in
the domains of sodium chemistry, sensors,
mechanical behaviour ofmaterials in sodium, non-
destructive examination (NDE), especially in-
service inspection (ISI) techniques in sodium
particularly (opaqueness), thermal hydraulics and
structural mechanics. These apart, to meet the
requirements of commercial deployment and
sustainability, the FBR and closed fuel cycle have
to be designed with improved economy and
enhanced safety. Among the many parameters
which decide this, higher temperatures with long
design life is the key issue which calls for extensive
R&D in the domain of materials and mechanics.
Towards improving the safety with enhanced
natural heat removal capability, pool-type concept
is generally adopted in which the entire primary
sodium circuit is housed within a single vessel with
associated thin shell structures. The manufacturing
of suchthin, but large dimensioned shell structures
with the possible minimum manufacturing
deviations, dictated by functional requirements and
seismic considerations, call for many challenging
and innovative manufacturing techniques. Further,
there are a few challenging technological issues
such as the development of robust welding and
hard-facing techniques, design and development of
large diameter bearings and elastomers, etc. Even
though these have been successfully resolved for
the PFBR, focused R&D is being continued with
enhanced thrust, ultimately to realize the potential
of higher bumup (up to 200 kwd/g), higher
operating temperature (up to 575°C), longer
design life (60 y and above) and high capacity
factor (90 % and above). Table-2 shows the
comparison ofthe principal parameters ofthermal
and fastreactors.
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Table 1:1 Comparison between typical Thermal and Fast Reactors

Parameters Thermal Neutron
Reactors (PHWR)
Fuel Natural U02

Fissile content

Clad material Zircaloy-2
Coolant Heavy Water
Core outlet temp, °C 293
Core power density, 40
W/cm3
Neutron energy 0.04 eV
Burnup, MWd/t 6,700
Neutron Flux (average),
n/emals 2xl014
Life of core (peak ~200 days

burnup basis)
Life limiting factor
Core
Vessels

Fissile content
Corrosion

High neutronflux inthe FBR causes high material
damage due to irradiation, compared to thermal
neutron reactors. Sodium, because of its
opaqueness poses problems for ISI. Sodium leak
is also concern for the operation and maintenance
ofthe FBRs. However, low operating pressure in
the FBR offers advantage over the thermal
neutron reactors in terms structural integrity.
Higher operating temperatures in the FBR yield
higher thermodynamic efficiency which coupled
with higher bumup leads to economic advantage.

Achievements in research on structural
materials for core of FBR

Fast neutrons, and hence lower cross sections for
fission demand an increased neutron flux (~105
n/cmZsec) by an order of magnitude over the
thermal reactors to achieve the desired linear heat
rates. The core materials are, therefore, subjected
to a demanding environment of high fast neutron

Natural 238J (0.7 %)

Thermal Neutron ast Breeder Reactors

Reactors (PWR) (FBR)
Enriched U02 (Pu-U) 02
28U 4-5 % 2Z3XPu 25-30 %
Zircal 20% CW 15Cr-15Ni-
caloy Mo-Ti
Light Water Liquid Sodium
325 547
100 400
0.06 eV > 100 keV
40,000-50000 100,000
IXIO 4 4.5x1015
1100 days 540 days

Fissile content
corrosion

Clad and wrapper
Creep-fatigue

flux coupled with high temperatures and high
thermal gradients due to high heat transfer
property ofsodiumto extract heat efficiently High
flux of fast neutrons induce atomic displacements
in the core structural materials leading to phase
instabilities, void swelling, irradiation creep and
perceptible large changes in the mechanical
properties. These factors are interlinked, and it
has been shown that void swelling depends
sensitively on the evolution of the phases in
austenitic stainless steels, and has the dominant
influence on irradiation creep behavior,
mechanical strength and ductility. Variations in
chemical composition and microstructure
influence void swelling and irradiation creep.
Thus, the solution to this mega challenge is the
judicious choice of composition and tailoring of
microstructures.

Void swelling, irradiation creep and irradiation
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embrittlement arising out offast neutron exposure
of the core structural materials are important
features that determine the residence time of the
fuel elements in the core of the FBRs. For
economic viability, the target bumup required for
the FBRs are more than 20 atom % ofheavy metal
(200,000 MW(d/t), and this can be achieved only
by the availability of materials resistant to void
swelling, irradiation creep and irradiation
embrittlement, as well as by satisfying the high
temperature mechanical properties. Since the fuel
cycle cost is strongly linked with burnup,
selection of materials resistant to void swelling
and irradiation creep is an important research
endeavour.

The structural materials for the fast reactor core
components have evolved continuously over the
years, resulting in substantial improvement in the
fuel performance. The first generation materials
belonged to austenitic stainless steel type SS 304
and 316 grades. These steels quickly reached their
limits because of unacceptable swelling at doses
higher than about 50 displacements per atom
(dpa). The term dpa is conventionally used by the
FBR experts for quantifying the effects of
irradiation on structural materials in terms of the
average number of displacements that each atom
undergoes, which indirectly means the amount of
vacancies/ interstitials created under irradiation.
One dpa is approximately equal to the cumulative
neutron dose of 3xI0Z neutrons/cm2 Many
improvements were made by changing
percentage of major and minor elements and by
modification of the microstructures by
introducing cold work. This has led to the
development of advanced core structural
materials such as alloy D9 for which the
incubation dose for swelling is improved
comparedto 316 SS.

For doses above 120 dpa, austenitic stainless
steels are not employed, as void swelling is found
to be substantial. Though ferritic/martensitic
steels, such as modified 9Cr-IMo and Sandvik
HT9 exhibit higher void swelling resistance than
conventionally used austenitic stainless steels.
These alloys display poor thermal creep strengths
at temperatures above 923 K. This has led to

restriction in achieving high bumup of fuel with
clad operating attemperatures in the range 0 f870-
970 K which has lesser safety margins to ensure
near zero failure. However, oxide dispersion
strengthening (ODS) is a promising means of
extending the creep resistance of
ferritic/martensitic steels beyond 973 K without
sacrificing the inherent advantages of high
thermal conductivity and low swelling of ferritic-
martensitic steels. The yittria dispersed
ferritic/martensitic steels have emerged as choice
candidate alloys. Finely dispersed yittria oxide
particles improve high temperature creep strength
by hindering mobile dislocations and also retard
irradiation swelling by acting as trapping sites for
point defects induced by irradiation. The addition
ofasmall amount oftitanium has been found to be
very effective in reducing the size of oxide
particles to 2-3 nm, with associated reduction in
interparticle spacing that significantly improves
creep rupture strength.

Currently, 9Cr-ODS steel with composition of
9Cr-0.12C-2W-0.2Ti-0.37Y2 3 has received
international consideration. Clad tubes (OD-8.5
mm with 0.5 mm wall thickness) of this
composition has crossed test period 0f-25,000 h
without failure under creep test conditions of 105
MPa hoop stress at 973 K. There is also a need to
explore nano dispersed austenitic stainless alloys
and make the choice based on performance
evolved overthe entire fuel cycle considerations.

Creep properties ofaustenitic stainless steels

It has been seen that creep rupture strength of
alloy D9 is better than that of 316 SS by afactor of
four at 923 K, by a factor ofabout sixat 973 K and
by about a factor of ten at 1023 K. The
improvement in strength is found to be the
consequence of prolonged secondary creep stage
exhibited by Alloy D9. Austenitic stainless steels
derive their strength from solid solution
strengthening and from carbide precipitation in
the matrix. In the case of 316 SS, fine MZCatype
of carbides is known to form at 873 K. At 973 K
and above, coarsening of carbides take place
enabling recovery, and thus decreasing the
efficiency ofprecipitation strengthening. InAlloy
D9, carbon s partitioned between matrix titanium



and other alloying elements like chromium. The fine
secondary titanium carbides form predominantly in
the matrix impart higher creep rupture strength and
voidswellingresistancetoalloy D9.

Improving creep properties ofAlloy D9

The TiC forms as fine scale precipitates in Alloy
D9 when appropriate thermomechanical
treatments are made. It has been seen that fine
precipitates play a crucial role in delaying the
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onset of void swelling in fast reactors (Fig.9a).
The microstructural stability of these precipitates
is akey issue inthe performance ofthe material in
the fast reactor. The basis of this microstructural
stability lies in part in the orientation relationship
(OR) of the precipitates with austenite matrix
(Fig.9b). The fine scale precipitation
characteristics of titanium carbides in alloy D9
has been investigated by lattice imaging
techniques for studying the lattice strain around
the fine precipitates.

Fig.9 Improving alloy D9 creep properties

Significant efforts have been made for indigenous
development of Alloy D9; a 15Cr-15Ni-Ti
modified austenitic stainless steel, and its
eventual fulfillment of all the requirements of
design engineer, including the issues concerning
metal joining and component qualification. An
extensive research on thermophysical and
mechanical properties characterisation has been
pursued as a part of this indigenous Alloy D9
development effort. IGCAR is now in possession
of a reliable D9 technology. Study of radiation
damage up to high doses ofabout -150 dpawould
require three to four years in a nuclear reactor. In
contrast, a few hours in a charged particle
accelerator can effectivbely simulate some
crucial aspects of neutron damage. A 1.7 MeV
Tandetron accelerator is employed for inducing
ion irradiation damage in alloy D9. The presence

of nanometer-sized coherent TiC precipitates
embedded in the austenite matrix serves as sink to
radiation generated point defects, and thus leads
to an enhancement swelling resistance. The effect
of Ti/C ratio on void swelling behaviour as a
function oftemperature is depicted in Fig. 10. The
void swelling was measured by heavy ion
irradiation of 30 appm helium pre-implanted
samples using a damage rate of 7 x 10'3dpa/s. On
increasing the titanium content, void swelling
was reduced and the peak swelling temperature
shifted to lower values. The existence of fine TiC
leads to a measurable increase in positron
lifetime, which, after calibration can be used for
optimizing the Ti/C ratio in alloy D9. Studies on
many variants ofAlloy D9 with differenttitanium
contents have indicated that the alloy with Ti/C =
6 in 20% cold worked state possess the optimum
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Fig.IO Void swelling of D9 in
accelerator radiation
swelling resistance. Further, high power fast
reactors would require materials better than alloy
D9. Efforts are underway to devise improved
versions of D9, notably by modifying the
composition of minor elements, namely, silicon
andphosphorus.

Achievements in Research on Structural
Materials for Out-of-Core Components
Developmentofnitrogen added Type 316L SS

In order it is being considered to design the
lifetime of the reactor to 60 - 100 years,
temperature to reduce the cost of nuclear energy.
This necessitates generation ofreliable creep data
atvarious temperature of structural materials, and
establishing appropriate life prediction
techniques based on laiowledge of prevailing
deformation, damage and fracture mechanisms.
Significant heat variation in the creep rupture
properties has been observed in spite of strict
control on chemistry, grain size and other
processing parameters during manufacturing of
Type 316 stainless steel is attributed to
differences in grain size and amounts of minor
elements such as carbon, boron and nitrogen in
the different heats ofthe material. Understanding
of the microstructural changes, dislocation
evolution and damage mechanisms during long-
term deformation at various temperatures has
enabled development of robust creep life
prediction models and predicting lives under
service conditions that are not covered by

HiifOQen content. wPi

Fig.ll Effect of Nitrogen on creep
rupture strength of SS 316 LN
laboratory testing. These studies also became
indispensable in the development of nitrogen
alloyed type 316 SS that possesses much higher
creep resistance compared to 316 SS (Fig.ll).
The basic mechanistic understanding of the
evolution of creep induced microstructural
changes in 316L(N) SS welds and weldments has
revealed that the creep design of the welded
components has to be carried out based on the
properties ofthe weldjoint rather than that ofthe
weld metal. Weld strength reduction factors have
been developed for 316L(N) SS weld joints for
various temperature and stress combinations for

the design ofthe FBR components.

Fatigue deformation and synergistic
interactions between damage modes

The components in the FBR operate for extended
periods of time at temperature between 0.3 to 0.5
Tmand have design lives that are limited by creep.
The service conditions experienced by the
components would also involve cyclic loading
during start-up and shut- down or during power
transients leading to fatigue. When the
temperatures are high enough, time dependant
creep strains as well as cyclic strains may develop.
The effects of creep on fatigue and fatigue on
creep are extremely important. The LCF lives
were shown to be significantly affected by
dynamic strain ageing (DSA), inelastic
deformation, slip character, oxidation, creep
damage and phase instabilities in the operating



temperature range of these steels. These time
dependant mechanisms have been found to act
either independently or synergistically depending
on the test conditions and can lead to premature
failure when compared with fatigue failure under
time independent conditions. DSA has been
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noticed to be particularly harmful in austenitic
stainless steels at moderately elevated
temperatures where creep and oxidation damage
effects are not present. The negative strain rate
sensitivity of half-life cyclic stress is established
aspotentindicator of DSA in fatigue (Fig. 12).

31 #L(N) @@
Sixain Amp lilyd&

10* 10* 10* IQ* 10*

5 TitAIN if ATE / w™*

Fig.12 Effect of strain rate on low cycle fatigue behaviour of SS 316 LN

Thermo-mechanical fatigue of SS 316L (N)

Steels used in fast breeder reactors are often
subjectedto steady mechanical loading that takes
place in combination with cyclic temperature
variations evaluation of thermo mechanical
fatigue (TMF) provides a challenge to the
experimentalists since there is a need to ensure
simultaneous control of temperature and strain
waveforms, and minimization of temperature
gradients to enable the uniform stress and strain
fields in the gauge length of the test specimen.
Detailed investigations under in-phase where IP:
peak strain and peak temperature in TMF cycle
coincide and out-of-phase OP: peak strain and
minimum temperature in TMF cycle coincide
have been conducted on 316 LN stainless steel by
employing the temperature cycles consisting of
(@) an identical temperature range with increasing
peak temperature (573-823,623-873 and 673-923
K) and (b) a constant peak temperature with
increasing temperature range (673-1073, 623-
873, 673-923, 573-923 K). These tests have

provided better insight to the thermomechanical
behaviour, particularly effects of creep,
compressive and tensile stresses and dynamic
strain onageing during cyclic loadings.

Improving type IV cracking resistance of
ferritic steels

Ferritic and ferritic-martensitic steel weld joints
experience premature failure in the heat affected
zones (HAZ). Extensive analysis of creep
deformation and fracture has been conducted on
the base, weld and weldments and on the
simulated HAZ structures of 2.25Cr-IMo, 9Cr-
IMo and Mod. 9Cr-IMo steels with a view to
optimize the performance of the weldments. In
Mod. 9Cr-IMo, creep rupture lives ofweldjoints
were found to be significantly inferior compared
to those the base metal (Fig.13 a). The failure
location changed from base metal to intercritical
HAZ with increase in test temperature and
decrease in applied stress. The type IV cracking in
intercritical HAZ weld joint (Fig.13 b) occurred
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as a result of preferential accumulation of creep
strain with associated creep cavitation. Poor creep
strength of weld joints has been attributed to the
microstructural degradation in this region. These
studies have enabled the development of suitable
welding process and boron added Mod. 9Cr-IMo

Boron content (PPM)

a : Rupture life of modi. 9Cr-IMo base metal and weld joint

steel for improving type 1V cracking resistance.
Microalloying with boron not only retards the
coarsening rate of MZCaoy replacing some of its
carbon but also significantly alters the
microstructure of fine as well as coarse grain heat
affected zones.

b : Type IV cracking in Weld Joint

Fig.13 Type IV cracking resistance in ferritic steel

Effect of sodium on mechanical behaviour of
austenitic stainless steels

To study the mechanical behaviour of reactor
materials in sodium environment, unique in-
sodium testing facilities have been constructed
and are in operation. The results from these tests
certify the performance of indigenous materials
for use in sodium cooled fast spectrum reactor
programme. The results also indicate that in-
sodium fatigue and creep properties are lower
than those in air, enhancing the suitability and
performance of components in sodium. In PFBR,
there are many components with mating surfaces
which are in static contact with each other for long
duration or in relative motion in flowing sodium
environment. Wear and friction data for some of
these material combinations in flowing sodium
has been generated using indigenously developed
reciprocating type tribometer installed in one of
the sodium loops. The material combinations so
far tested include 316LN against 316LN, 316LN
against NiCr-B hardfaced deposit, NiCr-B against
NiCr-B, NiCr-B against Cr plating and aged alloy
D9 against itself. Mating surfaces of these

material combinations are encountered in various
reactor components like grid plate, diverse safety
rod drive mechanism (DSRDM), control and
safety rod drive mechanism (CSRDM), fuel
subassemblies etc. The testing parameters were
chosen to simulate the reactor operating
conditions for these components. A facility for
evaluating the susceptibility for self-welding has
been set up, where the mating surfaces were kept
in contact under stress in flowing sodium.
Detailed investigations of self / welding
behaviour of various steels with different surface
treatments have been evaluated using this facility,
which have provided valuable design inputs. In
general, friction coefficient is high for austenitic
stainless steel against itself, without any hard
coating. The static friction coefficient is typically
in the range 0f0.2-0.7, and it is found to increase
with increase of applied stress. In contrast, the
material combinations in which at least one ofthe
mating surfaces is hardfaced have much lower
coefficient of friction, with stypically below 0.1.
Wear loss or damage in these material
combinations were minimal.



Life prediction of PFBR materials by Artificial
Neural Network approach

Low cycle fatigue (LCF) and creep-fatigue
interaction data generated in house on 316L(N)
stainless steel was used to assess the capability of
Artificial Neural Network (ANN) approach for
life prediction. This approach gave the values
very close to the actual lives. These investigations
have revealed that the success and accuracy of
prediction depend upon (i) quality of data, (ii)
extent of coverage oftraining data in the domain
of prediction, (iii) selection of appropriate input
variables, (iv) transformation of input variables
and (v) optimization of neural network
parameters. Low cycle fatigue properties of
nitrogen-alloyed 316L stainless steel (SS) has
been studied at various temperatures between
room temperature and 873 K. The neural network
model could predict fatigue life within a factor of
2.0 of the experimental values over the whole
range of test temperatures and nitrogen content.
The model has been expanded to develop a
unified model to predict fatigue life of 316 SS
grade of stainless steel with and without nitrogen,
with normal, and low carbon contents.

Indigenous Development of Alloys for FBR
Programme

Core materials

The indigenous development of alloy D9 started
with a large number of laboratory optimizing
melting, casting, forging and heat treatment
conditions. Based on the laboratory studies,
commercial heats were made at MIDHANI.
Using these ingots, clad and wrapper tubes were
successfully produced. The processing
technology has been fully developed to produce
the estimated 50,000 fuel clad tubes of 2.7 metre
long and 0.45 mm wall thickness required for
PFBR. Whereas alloy D9 will be used for the
initial core of PFBR, efforts are underway to
develop modified grades of D9 with higher silicon
and phosphorus contents, called D9l for clad
tubes, for future cores of PFBR and FBRs.

Out-of-core materials

Structural components of FBTR have been made
using nuclear grades of 304 and 316 SS. In order
to reduce susceptibility ofwelds to corrosion and
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stress corrosion cracking, low carbon grades of
304 and 316 SS strengthened by nitrogen alloying
called 304L(N) and 316L(N) SS, have been
selected for PFBR. Another strategy has been to
eliminate the number ofwelds by using large size
plates and long size tubes. 316L(N) and 304L(N)
SS plates currently produced in the country are
much smaller in dimensions than what is required
for PEBR. However, it was realised that facilities
do exist in SAIL steel plants that could be
combined to produce these materials in the
required dimensions. Materials were, therefore,
melted in one plant and transported to another
where these were rolled into plates. Development
ofthese plates required augmentation of facilities
for heat treatment and final finishing which did
not exist at SAIL plants. Some industries in the
private sector, in the vicinity of integrated steel
plants, were also included for effective and
economical production ofthese plates. As aresult,
it is now possible to produce all plates in sizes
required for 304L(N) and 316(L)N SS within the
country for the first time. Their evaluation has
given promising and even better results as
compared to the imported materials.

Oxide Dispersion Strengthened (ODS) alloys
Development of the long-life fuel cladding is one
of the key technologies to reach an economical
stage of the fast breeder reactor as this
development is instrumental for minimizing the
fuel cycle cost. ODS alloys have been developed
by high-energy ball milling of pre-alloyed
powders together with dispersoid particles,
followed by consolidation and thermomechanical
processing. It has been observed that during
mechanical alloying by high energy ball milling,
yttria decomposes and dissolves in the metal
matrix. Following annealing at >1373K,
extremely fine and stable Y-Ti-0 particles (Alpha-
Y Z2Ti20s) precipitate in the matrix. The
microstructure and particle distribution in
indigenously developed Fe-9Cr-0.11C-2W-
0.2Ti-0.35Y D 3ferritic-martensitic ODS alloy is
depicted in Fig.14. The realization of
development of ODS steels has been possible due
to the excellent synergy established among
IGCAR, DMRL, NFC, MIDHANI and ARCI
Hyderabad.
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Fig.14 Microstructure of Indigenous ODS Alloy

Sensors' Science and Technology

Sensors have been developed for measuring ultra
trace levels of dissolved hydrogen, carbon and
oxygen contents in liquid sodium, in addition to
monitoring the level, flow velocity etc. in sodium
circuits. Detection of a steam leak in the steam
generator of the fast reactor is needed to avoid
escalation and propagation of the leak which
couldresult in large maintenance issues. Based on
detailed properties on thermochemical and
electrochemical investigations of the candidate
hydride ion conducting electrolyte systems, a
very sensitive electrochemical hydrogen sensor
has been developed for detection of the steam
leak. This sensor operating at 723 K uses CaBr2
CaHBr as solid electrolyte and can measure down
to 50 ppb ofhydrogen in sodium with capability to
detect a change in hydrogen level of 15 ppb at this
concentration level. Tests in FBTR and also in
large experimental sodium loops for studying its
long term performance have shown the sensor to
be stable and reliable with short response times,
unaffected by process parameters. The sensor and
the measurement instrumentation are simple, cost
effective and need low maintenance in contrast to
the existing leak detection technology using high
vacuum and mass spectrometry. For detecting the
steam leaks during the start-up or low power
operating conditions of the reactor, a sensor
system that measures continuously hydrogen
levels inargon cover gas has been developed. This

uses a long thin-walled nickel tube in the form ofa
coil which is positioned in the cover gas plenum
and maintained at 773 K, and through which high
purity argon is made to flow. The hydrogen
diffusing through the nickel coil into the argon
stream is measured by a thermal conductivity
detector and a sensor using thin film oftin oxide.
This system has the capability to measure from a
few to several thousands of ppm of hydrogen in
the cover gas. An electrochemical carbon sensor
for measuring of dissolved carbon in sodium has
also been developed for continuous monitoring of
carbon at ppm level in sodium and to detect any
hydrocarbon oil leak from the shaft cooling
assembly ofthe centrifugal pumps used in sodium
circuits. On-line monitoring of dissolved oxygen
in sodium is needed since high oxygen levels
would result in enhanced corrosion and mass
transfer of the structural steels in the sodium
circuit. A sensor using oxide ion conducting yttria
doped thoria (YDT) ceramic is being developed
for meeting this requirement. The electroceramic
of the sensor is in the form of a small thimble
prepared by isostatic pressing followed by
sintering. By adopting a novel combustion
synthesis, nano powders of yttria doped thoria
were prepared. By using zinc oxide as the
sintering aid, the green compacts of the
electrolyte could be sintered at 1123 K itself
compared to temperatures above 2273 K reported
in literature. This process avoided grain growth in



the sintered product, thus increasing the
mechanical strength of the electroceramic
component. India leads the world in development
of specific sensors for sodium application in
liquid metal, fast reactors and other allied
technologies.

Ferrofluid science and technology

A colloidal force microscope, for in-situ
measurement of very weak forces (10'13N to 10
nN) between individual colloidal ferromagnetic
particles has been developed. Using this force
microscope, stretching and collapse ofpolymerin
association with surfactant interaction has been
studied. With the in-depth understanding of
interaction at molecular level, a new process for
stabilizing colloidal systems having many
advantages over the existing stabilization
techniques such as steric or electro-steric has been
developed. These basic studies on stability of
ferrofluids has led to devising optical technique
for detection of defects in ferromagnetic
materials, tunable optical filters and mechanical
seals using ferrofluids.

A novel optical technique for the detection of
defects in ferromagnetic materials, using
ferrofluid emulsion has been developed. In this
innovation, the colour changing property of the
emulsion under magnetic field has been exploited
for the detection of defects. The technique has
high sensitivity and reliability. The colour change
takes place due to property ofthe ferrofluid, which
is used for fluid-based magnetic flux leakage
(MFL) detector. The technique is based on robust
physics, simple instrumentation, and is thus
unique andrugged.

A new tunable light filter, using monodispersed
magnetic emulsions, has been successfully
developed. The filter comprises of ferrofluid-
based emulsion cell, a miniature solenoid and a
variable direct current source for changing the
magnetic field. It is suitable for selecting
wavelengths in the ultraviolet, visible and
infrared regions. The unique feature of this filter
is that the center wavelength, the bandwidth and
the intensity of the transmitted or reflected light
can be tuned precisely by controlling the applied
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magnetic field with a suitably tailored ferrofluid.
It is simple to operate and less expensive
comparedto the existing optical filters.

A ferrofluid-based seal consisting of ferrofluid, a
permanent magnet, two pole pieces and a
magnetically permeable shaft has been
assembled. The magnetic structure, consisting of
stationary pole pieces and rotating shaft
concentrates magnetic flux in the radial gap under
each pole. When ferrofluid is introduced into the
radial gap, it assumes the shape of a "liquid O-
ring” and produces a hermetic seal. The seal
designed and developed on this principle has been
tested on a rotating shafl-pole piece assembly
where the shaft speed is varied from 0 to 3000
rpm. Even with a radial gap of 1mm between the
shaft and the pole-piece, the performance of the
seal is found to be excellent, with almost
negligible leakage over a long period.

Challenges and achievements in design

Apart from excellent heat transfer properties, the
use of sodium results in large margin between the
operating temperature and the boiling point ofthe
coolant. Hence, there is no need to pressurize the
system, and all the disadvantages associated with
the unforeseen depressurisation ofthe coolant are
absent in FBR. High thermal conductivity, low
viscosity and large difference between the hot
sodium and the air coupled with significant
variation of sodium density with temperature
permit removal of decay heat through natural
convection modes. It also provides high thermal
inertia, and hence, more time for the operator to
act in case of exigencies without fear of any
temperature rise exceeding the acceptable limits.

Sodium has, however, certain disadvantages. It
introduces challenging issues of thermal
hydraulics and structural mechanics. High
thermal stresses and thermal shocks are induced
on the adjoining metal wall, and the temperature
fluctuations on the metal are also to be considered
due to sodium, free level fluctuations.
Temperature fluctuations are created on the metal
wall due to a special phenomenon called thermal
striping which is caused by to lack of perfect
mixing of sodium streams at different
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temperatures, particularly in the sodium piping.
The stainless steel parts when subjected to
temperature fluctuations are subjected to high-
cycle fatigue damages. Seismic behaviour of
interconnected buildings resting on the common
base raft as well as seismic responses of thin
walled vessels, pumps and absorber rod
mechanisms call for complex numerical and
experimental simulation studies. Addressing
these failure modes comprehensively (Fig. 15), in
the design of components for long reliable
operation at ~ 823 K for a design life of over 40
years is a challenge of high order to fabricate
reliable FBRs.
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Fig. 15 Failure modes for structural mechanisms

The complicated structural mechanics issues that
are depicted in Fig. 15, have been successfully
resolved through extensive numerical simulations
with detailed experimental investigations. Peer
reviews by national and international expert
teams, science-based R&D output derived from
in-house efforts as well as collaborative projects
established through synergy among DAE,
academic institutions, R&D establishments and
industries, has added to the high confidence onthe
design of FBRs In the following paragraphs, a
few typical challenging tests performed to qualify
the design are presented.

Qualification of Fuel Pin End Plug Weld

The fuel pin end plug is welded after inserting the

05.1

END PLUG

CLAD TUBE —
OD 5.1 x 0.37 THK.

All dimensions are in mm
Fig.16 End plug weld joint

fuel pellets in the cladding tube. A schematic
typical weld configuration is shown in Fig. 16
along with important dimensions. The end plug
welding is a challenging task, and some defects in
the form of pockets are unavoidable in the
practical situations. Since the fuel pin clad is one
ofthe critical elements the core sub-assembly, the
weld configuration needs to be qualified
thoroughly to ensure reliable operation without
any failure so that this will not restrict the
maximum achievable bumup inthe reactor. Creep
damage is the governing failure mode for this
weld, and hence, it is simulated experimentally on
a few practically achieved end plug welds. The
temperature in the region ofthe end plug is 823 K
under steady state condition. The fission gas
pressure accumulated at the end of 200 GWd/t
bumup can be 12 MPa (maximum). The clad
material is 20 % cold-worked 316M, used for
FBTR fuel pins.

Fuel pins with an end plug weld were tested at 973
K under an internal pressure of 20 MPa to
account for possible uncertainties in the fission
gas release phenomenon. A leak in the pin is
the indication of failure, which is detectedby a
fall in the steady state pressure in the chamber.
Six pins were tested and leaks occurred after 1104
h (min) and 1188 h (max). The observed cracks
were investigated by image analysis. The creep
life of end plug is determined by finite element
analysis in conjunction with French design code
RCC-MR: edition 2002 and the predicted life is
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1050 h, which compares well with the test results
(1104 h-minimum and 1188 h-maximum). From
the longitudinal and hoop stress distributions, the
distribution equivalent stress (ag) that governs the
creep rupture is derived. From this distribution,
the location of crack initiation is predicted as ~1.5
mm below the weld junction as shown in Fig. 17,
which is close to the observed crack location.

The permissible creep life ofthe end plug at 823 K
has been extrapolated from the experimental data
(lowest creep life is 1104 h at 973 K) using the
Larson Miller Parameter: T(20+log.tr). The
allowable life is worked out as 1.6x106h (182 y).
This is longer than the target life for the sub-
assembly, even after accounting for possible life
reductions under irradiation and fission gas
environment at this location. Thus, the fuel pin
life  will be limited by the accumulated neutron
dose with burnup and the end plug weld will not
impose any restriction on achievable burnup.
Further, the investigation confirms the quality of
end plug weld configuration manufactured for the
reactor application.

The procedure adopted for the creep damage
estimation, which is based on the dapproach, is
validated by predicting the creep crack initiation
life of pre-cracked standard CT specimens
machined from welded austenitic stainless steel
plates, subjected to constant axial loading. The
analysis indicates that the procedure predicts the
experimental creep initiation life-closely (Fig. 18).
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Fig.18 Time to predict creep crack growth
of 1 mmin two CT specimens

Acceptable End Plug Weld Repairs for PFBR
Fuel Pins

A few fuel pin end plug welds with no repair, 3
repairs and 4 repairs were selected and tested at
973 K to accelerate the damage under an internal
pressure of 20 MPa The application of correct
pressure is ensured by measuring the hoop and the
longitudinal strains in the vicinity of end plug
welds for a few typical pins. The life of fuel pinin
the reactor is 2 y. The permissible cumulative
creep damage under maximum fission gas
pressure (12 MPa) at temperature of 833 K is
0.25. Under actual environment with the presence
of spent fuel and fission gas, it is reported that
creep damage is accelerated, which is due to a
factor called 'fuel adjacency factor'. The
pessimistic value reported for this effect is 10.
This implies that the allowable creep damage
without considering the fuel adjacency effect (W)
should be limited to 0.025. Minimum rupture life
required for the weld is derived from the
definition of creep damage by time fraction rule:
W =t /tr, where t is the actual duration of
operation (2 y) and tr is the minimum time to
rupture under the imposed stress and temperature.
Accordingly, tr, the minimum rupture life to be
demonstrated by tests under similar conditions is
2/0.025, equal to 80.

Accelerated creep tests were conducted at higher
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temperature of 973 K. As per Larson-Miller
Parameter (LMP), defined as: T(20+log tr), the
minimum rupture time 0f5.6 d should be ensured.
The rupture lives measured for the various test
cases indicate that the minimum rupture time
required (5.6 d) are ensured even for the welds
with 4 repairs. Inview ofa limited number oftests
that have been completed, it is recommended to
restrict the weld repair to two only at the present
stage of manufacturing and continue with more
work for better understanding ofend plug failures
with controlled repairs.
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Fig.19 Permissible thermal
striping limits for FBR

Establishing Thermal Striping Limits

Thermal striping is attributed to random
temperature fluctuations on the metal surface
caused by instability of two adjacent fluid jets of
different temperatures impinging on the metal
surface. A computer code, solving the governing
differential equations for transient temperature
fluctuations both in fluid and structure
simultaneously, is used to quantify thermal
striping on the metal walls (Fig.19), which have
prior creep-fatigue damage. Application of
random analysis approach and quantification of
temperature attenuation of high frequency
components have helped to recommend higher
temperature range (75 K for locations where
creep-fatigue damage is insignificant) for future
reactors.

Pool thermal hydraulics analysis of reactor
assembly of PFBR, has been carried out based on

Fig. 20 Thermal striping zones in sodium pools

DirectNumerical Simulation (DNS) formulation.
Fig.20 shows the summary ofthermal hydraulics
analysis, which indicates the temperature
fluctuations in the reactor assembly components,
due to thermal striping. It has been ensured that
these temperature fluctuations are well below the
respective permissible values (ATp.

Experimental Simulation of Thermal
Ratcheting in Thin Shells

Thermal ratcheting is the failure mode caused by
high strains, accumulated progressively in large
thin walled shell structures near sodium free
levels due to level variation of axial temperature
and stress gradients. The strains accumulated
within a few cycles (-20) can reach the allowable
ductility limit ofthe material. In view of complex
thermo-mechanical deformation behaviour that is
associated with ratcheting mechanism,
experiments were conducted to simulate
ratcheting on 1/301lscaled down model of PFBR
main vessel. The experimental setup involves
complex features to introduce very sharp and
moving axial temperature gradients along the
shell. The temperature field measured on a main
vessel mockup by thermal imaging techniques is
shown in the Fig.21. Numerical simulation of the
same with Chaboche theory over-predicts
ratcheting (till date no appropriate model is
available internationally). Towards developing
appropriate constitutive model including micro
and macro aspects ofthermo-mechanics, targeted
experiments and analysis are inprogress.
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Fig.21 Simulation of thermal ratcheting in a thin shell

Seismic Analysis of Interconnected buildings
of PFBR

FBR vessels are slender, in the sense that the
diameter to thickness ratio is relatively high. For
the main shell structures, such as main vessel,
inner vessel and thermal baffles,
diameter/thickness ratio ranges between 500 and
800. Further, the main vessel carries ~1150 t of
primary sodium mass, apart from the line load of
-10001transmitted at the junction of core support
structure support shell. The vessel is supported at
the top. The inner vessel and thermal baffles are
separated by relatively thin annulus of liquid
sodium (annulus gap-diameter ratio: W/D ~
1/100). Another special feature of FBR is the
existence of free fluid surfaces, which is the
source of sloshing phenomena during normal
operation as well as seismic events. These
features are responsible for their lower natural
frequencies (5-15 Hz) at which seismic responses
would be maximum because the earthquake has
high energy content in this range of frequencies.
Hence, the seismic loadings play an important
role in the structural design of the components.
This apart, seismic design should respect
specified design and safety criteria, which calls
for highly challenging analyses in various
aspects. It is worth mentioning that minimum
wall thickness required is decided by seismic
loadings in FBR. The extraction of seismic

excitations in the form of time histories are
required at various component support locations,
which are determined by seismic analysis of
nuclear island including all the essential buildings
and base raft. Towards this, a detailed finite
element model of nuclear inter-connected
buildings (NICB) has been generated (Fig.22),
based on which seismic analysis is completed for
the reactor assembly components, including fluid
structure interaction to satisfy the specified
seismic design criteria. Fig.23 shows the finite
elementmodel ofreactor assembly.

Fig.22 Finite element model of NICB
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Fig.23 Finite Element model of RA

Buckling of Thin Vessels

Seismic event poses dynamic loadings
(shear force, bending moment and pressure
distributions). Consequent to seismic event with
respect to buckling ofthin shells, mainly the main
vessel (shear buckling of cylindrical portion and

shell buckling of dished end), inner vessel (shell
bucking at the torus portion) and thermal baffle
(dynamic buckling in the upper portion), have
been evaluated (Fig.24). By means of
sophisticated analysis including the effects of
initial geometrical imperfections, plasticity i the
presence of high thermal stress, ratcheting
induced deformations and dynamic amplification
/ reduction under seismic loadings, it is ensured
that the design has sufficient margin and the
factors of safety are more than the minimum
required by the design codes. It is also ensured by
analysis using an in-house computer code that
there is no problem of parametric instability of
thin shells, induced by dynamic loadings due to
coupling of vibration and buckling modes.
Buckling analysis has been extensively validated
through tests (Fig.25). Further, the complex non-
linear behaviour ofthin shells ofreactor assembly
supported on reactor vault and interconnected
buildings of NICB have been methodically
analysed for predicting the response of various
structures under seismic events and the margins
established for various loading combinations.

Fig.24 Buckling of thin shells under seismic loads
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Development of Inflatable Seals for Top Shield Structures

Test Theory

Test Theory

Fig.25 Validation of CAST3M computer code for buckling of thin shells of PFBR

In pool type FBRSs, the top shield supports major
components and the sealing against cover gas is
achieved by employing various types of
elastomer seals. Among these several types of
seals, the important ones are the seals used to seal
the annular gaps between rotatable plugs which
facilitate fuel handling operation. In PFBR, and
two inflatable seals along with a static back-up
seal are used to seal the gap whereas inFBTR, one
inflatable seal is used in combination with liquid
metal seal (Fig.26).

Fig.26 Sealing arrangement in PFBR

Further, the tests are conducted at room
temperature as well as at elevated temperature
(323 K & 353 K). The allowable across-seal
leakage as well as permeation-leakage were set at
10'3std. cc/s/m-length of seal and 102std. cc/s/m-
length of seal under static and dynamic condition,
respectively. Allowable frictional force was set at
IOOON/m length of seal. Seals ofboth uncoated as
well teflon coated ones are tested and evaluated
in-collaboration with Facilitation Centre for
Industrial Plasma Technologies (FCIPT),
Institute ofPlasma Research, (Ahmedabad).

Axially expanding inflatable seals for FBTR were
developed with ethylene propylene diene M-class
rubber (EPDM) in collaboration with Defence
Materials and Stores Research & Development
Establishment (DMSRDE), Kanpu,r and tested at
specially built experimental set-up (Fig.27) at
IGCAR for meeting across-seal leakage under
inflated condition, permeation-leakage and
frictional force under both static as well as
dynamic conditions.

Fig.27 Inflatable seal test facility

Back-up seal which acts as secondary seal to
inflatable seals during reactor operation in PFBR
has been developed with fluorocarbon material
in-collaboration with Hari Shankar Singhania
Elastomer and Tyre Research Institute
(HASETRI), Rajasthan and tested in a dedicated
test facility (Fig.28), for allowable leakage (10'3
std. cc/s/m-length of seal) as well as compressive
force required for ensuring design leak tightness.
The tests are carried out at both room temperature
as well as at elevated temperature (-383 K) with
design mismatch between the sealing surfaces.
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The results ofboth room temperature and elevated
temperature tests have demonstrated that the
required leak tightness can be achieved at a seal
compression force of MOON per loading point
which was also demonstrated through numerical
analysis. In achieving the milestones, expertise
available at several R&D labs, industries,
institutes etc. are pooled together. Major agencies
which contributed to the success are HASETRI -
Rajasthan; DMSRDE - Kanpur; FCIPT, IPR-
Ahmedabad; ASP Sealings - New Delhi; IIT -
Delhi; T - Kharagpur; Polyrub-Mumbai etc.

Testing of Mechanisms in Sodium

Testing of components, particularly those having
moving parts such as absorber rod mechanisms,
fuel handling systems in sodium and imposing
the actual environment and loading conditions are
essential and integral part of the technology
demonstration. Full-scale components
manufactured under technology development
exercises have been tested in sodium simulating
reactor conditions with success (Fig.29).

Transfer Arm CSRDM

Upper Part Lower part
DSRDM

Fig.29 Testing of Prototype components



Advanced Safety Analysis

Sodium Fire Studies
The problems related to sodium have been solved

Performance Test of Leak Collection Tray
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successfully. This success has been well
demonstrated by a long and reliable operation of
sodium systems inthe FBTR as
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CFD simulation of sodium draining

Fig.30 Experimental and numerical simulation of sodium fire in leak collection tray

well as in many test loops at IGCAR.
Understanding the science behind sodium fire,
sodium-concrete interactions, sodium aerosol
behaviour and its effects has been well studied
based on extensive numerical and experimental
simulation using dedicated test facilities. Fig.30
shows the experimental and numerical
simulations of sodium fire in the leak collection
trays. Based on these, sodium has been chosen
confidently for the PFBR, and for the future
FBRs being planned by the department.

Detailed steady-state CFD (computational fluid
dynamics) calculations on sodium combustion
over the sloping cover tray and hold-up vessel for
various levels of sodium on -the tray have been

Temperature distribution in top plate

carried out to obtain the sodium combustion
characteristics, especially the burning rate. A
simplified transient model with parameters
adjusted from the above CFD calculations has
been developed to estimate the total un-bumt
sodium inthe LCT for a defined experiment. This
simplified model can also estimate the hold-up
vessel material temperature. Fig.31 shows typical
results of a CFD calculation on LCT for one
particular sodium level on the sloping cover tray
and hold-up vessel. The model allows estimation
of the un-bumt sodium as a function of sodium
leak rates using the simplified transient model of
the process in LCT. The model has been
benchmarked with the experimentally evaluated
un-bumt sodium for typical sodium leak rates.

Temperature distribution in bottom plate

Fig.31 CFD estimation of sodium combustion in leak collection trays
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Analysis of Core Disruptive Accident (CDA)

It is avery low probability event (< 10'@r-y) that
is considered as beyond design basis event in
FBR. Itis postulated thatthe loss of sodium in the
nuclear core flow caused by primary sodium
pump trip in association with failure of both the
shutdown systems on demand is an initiating
event. CDA scenarios are (i) temperature rise of
fuel, clad and coolant resulting in coolant boiling,
fuel meting and slumping, (ii) formation of
vapourised fuel, coolant and structural materials,
called core bubble at high pressure and
temperature, (iii) automatic neutronic shutdown
of reactor due to fuel dispersal caused by core
bubble pressure and (iv) release of mechanical
work by pressure energy stored in core bubble.
Analysis is carried out to determine the strains in
the main vessel and its internals, sodium slug
impact atthe top shield bottom, sodium release to
reactor containment building (RCB), and finally,
temperature and pressure rises in RCB which
define its design loadings.

The analysis of CDA calls for sophisticated
modeling for treatment of large distortions in the
fluid domains, strong geometrical and material
non-linearities in structures, fast transient fluid
structure interaction, sodium slug impact on the
top shield, shock-wave propagation, interactions
between the moving interfaces of various fluids
and automatic rezoning of finite element mesh.
Addressing all the complexities, the computer
code FUSTIN has been developed based on
Arbitrary Lagrangean Eulerian (ALE)
formulation for fluids and convected co-ordinate
formulation for structures. It has been extensively
validated using international benchmark
problems, viz, MANON (France), COVA (UK),
CONT (UK), MARA (France) and TRIG (India)
series. TRIG tests were conducted at Terminal
Ballistic Research Laboratory (TBRL),
Chandigarh, to generate data for validation of
FUSTIN code. Further tests were conducted on
113" scaled reactor assembly mockup to assess
the structural integrity of intermediate heat
exchanger and decay heat exchangers aswell asto
estimate sodium leak through top shield
penetrations. With such extensive numerical and
experimental investigations, the structural

integrity of primary containment as well as RCB
is ensured with high level of confidence under
CDA loadings.

Fig.32 Transient Response of the Thin
Shell under simulated CDA Loading

Fig.32 shows the numerical prediction of the
transient response of a typical 1/30* scaled-down
model of main vessel subjected to low density
explosive (LDE). The LDE charge has been
specially developed which can simulate
satisfactorily the rate of energy release including
peak pressure using a technique of lowering the
density of PETN by precipitating it in the foam,
thereby reducing the charge density of PETN
from~0.8 g/ccto ~0.14 g/cc. The overall dynamic
displacements are captured through 2 high-speed
cameras: digital (3000 pps) and conventional
(6000 pps). Sufficient strain gauges were pasted at
the critical locations in the vessel. Accelerometers
were placed on the top shield to understand the
inertial forces. Pressure transducers were placed
onthe bottom ofthe top cover plate to measure the
dynamic pressures due to slug impact.

NDE ofReactor Components

The structural integrity ofthe reactor core and the
structural components, including fuel assemblies,
reactor vessels and steam generators need to be
ensured through stringent quality control and
periodic in-service inspections. During service,
the structural integrity is affected by various
material degradation processes such as
intergranular corrosion (IGC), stress corrosion
cracking (SCC), pitting corrosion, creep and
fatigue damage. It is essential to detect and
evaluate the degradation of the structural
materials and components in the operating plants



either on-line or during shutdown. Advanced
ultrasonic and eddy current based NDE
procedures have been developed for inspection of
structural and core components ofthe reactor and
steam generator components.

Cladding tubes housing the nuclear fuel are
critical components demanding stringent quality.
The tubes are inspected by both immersion
ultrasonic and eddy current technigues to ensure
reliable detection ofvarious types of defects with
high sensitivity. The defects expected in cladding
tubes include ID defects, OD defects, isolated
large inclusions, grouped fine inclusions,
circumferential defects and defects in presence of
variations in cold work and texture. The relative
capabilities of ultrasonic and eddy current
techniques for detection of these defects are
shown in Table.3. The table clearly brings out the
necessity for use of both the techniques for
ensuring stringent quality control of the tubes. In
the case of ultrasonic testing, standard test
procedures are followed. In the case of eddy
current testing, the required inspection
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methodology and acceptance criteria have been
developed for inspection of the cladding tubes of
PFBR, manufactured at NFC. In view of the
access from outside, encircling differential probes
that produce characteristic figure-of-eight-signals
for defects have been designed and developed.
The detection sensitivity has been verified on
calibration tubes consisting of through-holes of
different diameters as well as electro-discharge
machined notches. In order to detect and evaluate
the depth of defects in the cladding tubes, an on-
line testing procedure that uses artificial neural
network has been developed. This uses eddy
current data from two test frequencies and
quantifies the defect size on-line. This procedure
has been successfully applied to detect defects in
the indigenously produced FBTR cladding tubes,
some of which have periodic wall thickness
variations of about 2%. The neural network has
been trained to eliminate signals from thickness
variations and probe wobble, and also, at the same
time, to quantify the diameter of the reference
standard holes between 100 and 1000 microns. It
has been possible to detect holes of size larger
than 200 microns (Fig.33).

Fig.33 Neural network application in eddy current testing of clad tubes
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Table 3 : Defect types detectable using eddy current and ultrasonic method

Detection and Characterisation

ID defects

OD defects

Isolated large inclusions
Grouped fine inclusions
Circumferential defects

Defects in the presence of variations in cold work

and texture

Due to the complex geometry of the hexcan weld
of the PFBR fuel sub-assembly, radiography
testing of the weld cannot provide the required
sensitivity during the fabrication stage. Hence, a
nondestructive methodology is needed to be
developed for qualification of this weld, which
could be implemented for online inspection.
Fig.34 (a) shows the photographs of the hexcan
weld from three different orientations. In the
simplified schematic (Fig.34 (b)), the hexcan
weld can be considered as a seal weld between
two plates, one thicker (> 20 mm) and other
thinner (~3 mm). The thickness of the weld is
about 3 mm. Because of the geometry and less
thickness of the weld, a new methodology had to

Eddy current Ultrasonic
method method
Possible Possible
Possible Difficult
Difficult Possible
Possible Difficult
Difficult Possible
Difficult Possible

be developed for testing the hexcan weld. The
developed methodology involves testing the weld
from the thinner plate side using 1 MHz Rayleigh
wave, which would penetrate the complete
thickness (3 mm) of the weld (approx. one
wavelength). This methodology is quite fast and
can be used for detection of both axial and
circumferential defects.

In order to establish the sensitivity of the
developed methodology, it has been employed on
a hexcan weld having natural defects. Two faces
(defective and defect-free) ofthe hexcan were cut
and machined for radiography to establish
comparisonwith the ultrasonic signals.

Hu,vefln weld

d

Fig.34 (a) Photographs of the Hexcan weld from three orientations
(b) Simplified schematic of ultrasonic testing of the Hexcan weld

(a)

(b)

(©)

Fig.35. (a) Radiograph showing incomplete penetration, (b) corresponding ultrasonic
A-scan signal and (c) A-scan signal corresponding to a defect free location



An innovative ultrasonic test methodology has
been developed for in-service inspection of the
shell weld of the core support structure (CSS) in
the main vessel of the PFBR. The inspection of
this weld immersed in sodium requires
development ofa special methodology because of
the restricted access to the weld, curvature of the
main vessel and ultrasonic beam-skewing that
occurs at the K-type weld used for joining the
main vessel to the support shell plate. The

support structure

developed methodology involves inspection from
the outside surface of the main vessel, using
normal beam ultrasonic transducer (Fig.36). The
methodology involves sending the ultrasonic
beam through the core support plate from the
knuckle portion ofthe main vessel, which is about
450 mm away from the weld to be inspected.
Because of the presence of curvature in the main
vessel, ultrasonic beam enters the weld overlay at
an angle a to the support shell structure. Further,
because ofthe presence of columnar grains in the
austenitic stainless steel weld overlay and the K
weld, ultrasonic waves get skewed and enter the
support shell structure at another angle Pas shown
in Fig.36. Beyond this point, the ultrasonic wave
propagates in the support shell structure at this
angle and gets reflected every time it encounters
the plate surface. When the wave encounters any
defect or interface in the shell plate, ultrasonic
wave is reflected from the defector or interface
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and is picked up by the same transducer. By
changing the location of the transducer, these
angles can be changed, and hence, defect at any
location including in the shell weld of the core
support structure can be detected.

The developed methodology has the advantage
that inspection at multiple angles of ultrasonic
wave propagation can be achievedjust by moving
a single normal beam ultrasonic transducer along
the curved surface of the main vessel. Multiple
angle beam inspection would ensure the
detectability of defects of any orientation. This
methodology has been successfully demonstrated
on the main vessel sector mock-up assembly for
the detection of defects down to 20 % wall
thickness (~ 6 mm) on both sides ofthe plate. This
is the first time worldwide that such a
methodology has been developed for inspection
of a critical weld, which was originally designed
to be non-inspectable. The development has
enhanced the reliability and the safety of the
reactor system.

Another important development involves an
automated eddy current imaging for the location
ofweld, e.g., inthe main vessel (stainless steel) of
the PFBR and determination of its centre-line for
examination by ultrasonic testing. The
identification of weld-centre line is necessary for
fixing the required skip distance and scan ranges
for ultrasonic testing. In the case of austenitic
stainless steel welds, the weld region with
complex microstructures having delta ferrite and
other phases, possess different electrical
conductivity and permeability as compared to the
base metal. This microstructural variation helps
to identify the weld centre line under eddy current.
During raster-scan imaging of welds, the weld
region produces large amplitude changes in coil
impedance and the grey level image and 3-D
profile image give distinct information of the
weld. The accuracy of detection of the weld
centre-line has been found to be 0.1mm. As the
inspection would be carried out at maximum of
423 K, a high-sensitive differential eddy current
sensor with capability for operating at 473 K and
for non-contact detection with a lift-offof 10 mm
has been developed. This sensor has shown stable
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detection performance both at room temperature
and at high temperatures. This sensor would be
integrated into die sensor head of an inspection
robot for automated and remote inspection of
mainvessel.

The non-destructive condition monitoring of the
steam generator tubes made ofmodified 9Cr~IMo
s of PFBR is very important, and it is ensured
through periodic eddy current testing (ECT).
ECT of ferromagnetic tubes such as SG tubes
poses challenge due to high and continuously
varying magnetic permeability which limits the
penetration of the eddy currents and produces

continuous disturbing noise. Hence, for
inspection ofthe steam generator tubes ofPFBR,
a new technique called remote field eddy current
testing has been explored, and necessary
instrument, sensor and software have been
designed and developed, after systematic finite
elementmodelling andvalidation.

The technique involves detection of the induced
voltages in the range of nano volts in a receiver
coil that is kept about three tube diameters away
from a transmitter coil excited with alternating
currentat low frequencies (<1 kHz) (Fig.37). The
magnetic fields after double-wall are transmission

Remote 9Cr-1Motube

Scan Distance, mm

Fig.37 Remote field eddy current set-up, typical exciter-receiver probe and signals
from regions of different extents of wall thickness (WT) loss.

will be picked-up by the receiver coil whose phase
lag and magnitude are directly proportional to the
tube wall loss. Working on these principles, an
efficient instrument with lock-in amplifier has
been developed indigenously for remote field
eddy current testing of ferritic steel tubes. The
instrument has shown the capability for reliable
detection of 10% wall loss comparable with the
international state-of-the-art. For in-service
inspection ofthe steam generator tubes ofPFBR,
in order to cover a length of about 23 m and the

expansion bend regions, flexible sensors have
been designed and developed. Wavelettransform-
based advance signal processing methods have
been developedto suppress the disturbing signals
from bends and other materials property
variations to reliably detect and size the defects.
The influence of sodium (electrically conducting)
on detectability of defects in steam generator
tubes has been studied systematically upon
exposing the tubes to sodium environment.
Suitable digital signal processing methods have



also been developed to suppress the disturbing
influences of sodium, and thus, enabling reliable
detection ofthe potential defects with a very high
probability of detection. A special robotic device
has been developed to guide the sensor into the
steam generator tube and to perform automated
inspection. The remote field instrument, sensor,
signal processing methods and robotic device
have been successfully integrated to realise an
efficientand automated inspection systemto meet
the challenging inspection works of steam
generators.

Reliable detection and sizing of defects in the
steam generator tubes require that the excitation
frequency is optimized and the receiver coil is
positioned in remote-field zone. In this regard, a

2.1 2.2

2.3
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detailed Unite element analysis has been earned
out to examine the electromagnetic field-defect
interactions in the RFEC technique using an axi-
symmetric finite element model and a 3-D code,
developed in-house. Triangular and hexahedral
meshes have been employed in axi-symmetric
and 3-D models, respectively, and the RFEC
signals due to various types of defects have been
predicted at different frequencies and inter-coil
spacing. The test frequency, the excitation current
and receiver coil location and its size have been
optimised using the models. Fig.38 shows the
predicted induced voltage in the receiver coil at
different frequencies for different coil positions
for frequency optimisation based on RFEC
intensity and measured induced voltage at 1100
Hz formodel validation.

700 Hz
900 Hz
1100 Hz
1300 Hz
— 1500 Hz
M 1100 Hz Experimental

2.4 2.5 2.6

Receiver coil location, ID <12.6 mm) times

Fig.38 Induced voltage in receiver coil and Intensity of back entered remote field (inset)

The technology developed in-house has
demonstrated the performance superior to that of
the international state-of-the art. Using this
technology along with a winch mechanism for
probe handling, itispossible toreliably detectand
size 10% wall thinning in the tubes. This
technology has been successfully used for in-
service inspection of full-scale SG test facility
builtat IGCAR. The developmenttechnology is
a major step and an essential need for regulatory
requirement for safe andreliable operationof SGs
of FBRs. This technique can be readily applied to

other ferromagnetic tubes in heat exchangers,
boilers and condensers for detection of defects
and corrosionwall loss.

the sensitisation ofaustenitic stainless steels (SS)
is another major problem during welding or high
temperature service. Electrochemical technique,
known as electrochemical potentiokinetic
reactivation (EPR) technique, has been
developed and standardised by ASTM (ASTM
G108) to quantify the degree of sensitization
(DOS). The EPR technique provides a criterion
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to identify the complete absence of sensitization,
and, thus, is useful in quality control of fabricated
components. However, it does not readily provide
an acceptance criteria if a certain DOS is present
in the material. Despite all efforts, the EPR
technique has not shown much of its early
promise as a tool for quantifying degree of
sensitization. This is because of (i) its high
sensitivity to the changes in chemical
composition ofthe SS, and (ii) inconsistencies in
the correlation between ASTM Practice A262E
and EPR DOS that results due to the effects of
aging temperature, which does not permit a
ijj-
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threshold DOS to be defined. These drawbacks in
the EPR technique call for applying alternate
NDT technique to unambiguously quantify the
DOS. Eddy current testing (ECT) is a viable
alternative due to its high sensitivity to changes in
electrical conductivity and permeability. An
important and potential application arising from
the present study is that by knowing the EC signal
amplitude for different categories of specimens,
the propensity to and the extent of IGC could be
assessed without subjecting the specimens to
bendtest (Fig.39).

' KStraus* TeHed Condiition

RHD ﬁ
I ‘ exACkin 1 A
4 * **‘ *
I *
1 @
*
a
ﬁ 2
iis& L HHI.LI
UftAfrductln. = i «
S 1G 15 id 15

Sample Number

Fig.39 Responses to the as-aged (A) and Strauss tested specimens (B)

The impact of this would be felt during
monitoring of the SS components in service by
providing vital information on the initiation and
progress of IGC/IGSCC. Also, ECT could be
used as a reliable tool to ensure quality of
fabrication against sensitisation. This would help
fabricators and the users to guard against
sensitisation, particularly in applications where
fabrication costs are linked to the DOS. However,
for this to be feasible, proper optimization of the
EC test parameters, precise calibration and
systematic and reliable measurements are
important pre-requisites.

As discussed in earlier sections, fatigue damage is

one of the important problems for a number of
high temperature components in fast reactors. A
SQUID (Superconducting Quantum Interference
Device) based system for NDE has been
developed at IGCAR, and has been employed to
characterise the delta ferrite content in 316
stainless steel weld joint specimens subjected to
high temperature fatigue (Fig.40). Since SQUID
has an extremely high sensitivity for magnetic
flux signals, it can detect even extremely small
changes in the delta ferrite content of the weld
specimen. It is possible to extrapolate this
information to evaluate the progress of fatigue
damage, and in turn to assess the residual life ofa
weldundergoing fatigue damage.
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Fig.40 Characterisation of a fatigue tested weld specimen using SQUID

In-Service inspection (ISI)

In service inspection (1S1) is crucial to ensure the
reliable long operation of the Fast Reactor over a
life span of 60 years. The design stage
incorporates all aspects which make repair
feasible as warranted by the ISI campaigns. The
most importantaspect of ISI and repair is to carry
out the activies in radioactive sodium at
temperature of about 473 K. ISI systems span a
range of activities, namely: development of
sensors and manipulators which can operate in
harsh environments and high quality image
processing systems, remote controlled robots to
inspect the main vessel completely by traveling
over the small inter-vessel space between the
main vessel and the safety vessel, and finally,
demonstrating the reliable operation of these
devices. These are the important technological
aspects in this realm. International experience has
demonstrated that the reliability of steam
generator has a high impact on the plant
availability.

Itis plannedto carry out periodic inspection ofthe
PFBR main vessel and the safety vessel during
the service period. The main vessel (MV) of
PFBR is 12.9 m in diameter and the safety vessel
(SV) surrounds the main vessel with a nominal
annular gap 0300 mm £50 mm. This annular gap
is utilised for the inspection of the both vessels.
The oobjective of the ISI campaign is to inspect

the critical welds on MV and the dissimilar weld
between the roof slab shell and the MV of PFBR.
The inspection programme is to be implemented
according to ASME B and PV Code, Section XI,
Div3.

A comprehensive ISI system has been conceived
forthelSIofMV andSV ofPFBRbasedonafree
roving four-wheeled concept. The device is a
four-wheeled remote controlled mobile robotic
device to carry the NDE equipment into the
interspace for enabling volumetric examination
the welds and visual examination of the external
surface and the internal surface ofthe MV and the
SV respectively. The MV-SV interspace will be at
423 K at the time of inspection. Designing a
remotely operated robotic vehicle system capable
of working at that temperature of is the critical
challenge involved in this development. The
vehicle will be maneuvered by means of four
independently driven wheels with steering
capability, two resting on each vessel. The vehicle
consists of a central structure about which two
orthogonal arms are articulated. The wheels that
are pressing on each vessel are placed at the ends
of each arm. Each wheel will have traction and
steering actuators with encoders for position
feedback. The vehicle has a collapsible design to
facilitate insertion through the openings provided
from the operating floor, into the vessel inter-
space. The device will be lowered into the
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Fig.41 ISI vehicle - VENTURE for the inspection of MV and SV

interspace by a winch through one of the six
inspection openings provided on top ofthe reactor
vault and the anti-convection barrier. Fig.41
shows the photograph of the prototype vehicle
“VENTURE” developed in collaboration with
Bhabha Atomic Research Centre. Once inserted
into the inter-space, the vehicle can be expanded
to provide the reaction needed to maintain the
device in position against gravity and the
frictional force required for traction. Inherently,
this gives the vehicle the capability of adapting to
the geometric variations in the inter-space. The
handling devices and the chambers for the ISI
system, and a few accessories like cable take-
up/release and mono-articulated chain have been
conceptualized. The NDE modules, viz,
Ultrasonic Test module (UT) and Visual
Examination (VE) modules are the payloads to be
carried by the VENTURE and DISHA for
inspection ofthe MV and the SV. The prototypes
ofthe UT module and the VE module have been
developed andvalidated at IGCAR.

Further, a 3D virtual planning environment for the
ISI has been developed in collaboration with
Indian Institute of Science, Bangalore. This
modeling and simulation is aimed at
implementing a 3D environment for visualization
of the motion of the ISI device in the annular
inter-space.

Post Irradiation Examination (PIE)

Mixed carbide fuel of high plutonium content
(UBPu 0)C was chosen for FBTR to avoid high
fissile enrichments required for the small core and
to ensure the superior compatibility of carbide
fuel with sodium as comparedto MOX fuels with
high plutonium. Since the high carbide fuel with
plutonium content was expected to have a high
fuel swelling rate, inputs from post-irradiation
examination (PIE) were crucial to increase the
bumup and linear heat rating beyond the initial
design values. Post-Irradiation examination was
carried out on the indigenously developed mixed
carbide fuel subassemblies of FBTR in the
radiometallurgy hot cells of IGCAR. PIE was
carried out at different stages of bumup starting
with experimental fuel pins to understand the
beginning of life performance and after bumups
025,50 & 100 & 155 GWAd/t. No fuel pin failure
has occurred so far indicating the excellent
performance of the carbide fuel. The fuel has
operated at apeak linear heat rating 0f400 W/cm.
The salient results of the PIE carried out at
differentbumups are highlighted below.

PIE carried out the on the experimental fuel pins
has revealed that the fuel-clad gap reduces during
the early stages of burnup giving enough
confidence to operate the fuel at higher LHR of
320 W/cm. PIE carried out 25 GWd/t & 50



GWad/t has indicated that the fuel has a lower
swelling rate than expected, and that Fuel Clad
Mechanical Interaction (FCMI) has not initiated.
Fuel swelling was getting accommodated in the
sinter porosities. The fission gas release and the
internal pressure were found to be nominal (<
20%). The absence of FCMI and negligible
dimensional change in the structural materials
have enabled increasing the fuel bumup to 100
GWadf.

The PIE of fuel sub-assembly after 100 GWd/t
and 155 GWd/t bumups has indicated significant
changes in the dimensions and mechanical
properties ofthe hexagonal wrapper and fuel pins.
The dimensional measurements on the hexagonal
wrapper indicated a maximum dilation of 0.65
mm at the centre of the fuel column region.

Fig.42 Volumetric swelling of clad
and wrapper as a function of dpa

The fuel-clad gap was observed to have closed at
the center of the fuel column indicating the onset
of Fuel Clad Mechanical Interaction (FCMI) and
restrained swelling of fuel beyond 100GWAdHt.
Metallographic examination of 155GWd/t
bumup fuel has revealed a distinct zone devoid of
fuel porosities near the outer diameter of the fuel.
Complete closure of the fuel-clad gap and
circumferential cracking at the centre as well as at
the end of the fuel column has indicated that the
entire fuel column have entered the restrained
swelling regime. Fig.44 shows the comparison of
photo-mosaics of fuel-clad cross-sections at the
centre of the fuel column at different bumups. A
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Considering the initial minimum inter-sub-
assembly gap of 0.7 mm, this increase can have
considerable effect on the fuel handling
operations. The maximum diametral strain
(Ad/d) of a typical fuel pin measured after
155GWad/t is around 5 % as compared to 1.6 %
estimated at IOOGWAd/t. The volumetric swelling
after 81 dpa (peak) corresponding to the bumup of
155 GWd/t was estimated to be around 11.5 % for
the clad and around 4 % for the wrapper (Fig.42).
Remote high temperature tensile tests on the
irradiated clad indicated appreciable decrease in
both ultimate tensile strength and uniform
elongation with increasing dpa (Fig.43). The
room temperature tensile properties of wrapper,
however, indicated a hardening behaviour with
decrease in ductility with a increasing dpa.

Fig.43 Variation of UTS of
cladding with dpa

maximum gas release of 16 % and an internal
pressure 0f2.09 MPa in the fuel pin due to release
of fission gas has been estimated for 155GWd/t
fuel. The PIE results indicate a faster rate of
damage in structural materials and the onset of
FCMI along the entire fuel column at 155 GWd/t
bumup. The thermomechanical analyses based
on the PIE results indicate that the bumup could
be extended marginally to 170 GWd/t. The PIE
facilities and the expertise are unique in the
world, and there form the foundation for
development of advanced metallic fuels for the
FBRs inthe country.
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25 GWd/t 50 GWd/t

100 GWd/t 154GWd/t

Fig.44 Comparison of ceramographs of fuel-clad cross section at various burnup

Computer System for PFBR Design

The design of any nuclear power plant is a
complex activity requiring large amount of
computing power for the design and analysis. The
IGCAR with a mission to design and develop
fast reactor technology had equipped it-self with
the required computer systems and Computer
Aided Engineering (CAE) application packages
from the beginning. The computer systems have a
rightmix of Symmetric Multi Processing Systems
and Cluster Computer System. They are high
performance RISC processor-based system, 8
way Xeon servers, 32 processor Itanium Cluster
with high end workstations. They are supported
by an advanced CAE package for linear and non-
linear finite element analysis, Computational
Fluid Dynamics, 3D modeling, walkthrough etc.
In addition, reactor physics and safety analysis
codes written in high-level language are also
executed.

These systems are supplemented with DAE
computing grid having a processing power of few
Tera FLOPS. The computing facilities at the
Computer Division are being augmented with a
128 node Cluster Computer System with a
processing power of 9 to 10 Tera FLOPS, total
memory capacity of 1 Terabyte, storage capacity
ofmore than 40 Terabytes and with a state-of-the-
art Infiniband interconnect technology supporting
transfer rate of 20Gbps.These high performance
Computing Systems are connected to the Intranet
to enable the scientists and engineers to execute
their computing jobs from their desktops. These
computer systems and application packages have
played a key role in the indigenous design of the

Prototype Fast Breeder Reactor.

Full Scope Replica-type Operator Training
Simulator

To ensure safe operation of any nuclear power
plant, comprehensive training of the operators in
all states of the reactor is essential. The high
operating safety and high efficiency record of the
nuclear power stations in USA, UK, France, and
India are largely due to the high quality training
imparted to operating staff through computer
based operator training simulators. It is also
mandatory from the regulatory body (AERB)
guidelines that all the reactor operators shall be
sufficiently trained on the training simulator
before they are allowed to perform the reactor
operations due to safety considerations. This
training on simulators is, in addition to the
operation experience and experience from model
facilities, test reactors, power reactors and
classroomtraining.

A Full Scope Replica Type operator training
simulator is designed and being built at IGCAR
for the PFBR. The Simulator is Full Scope in the
sense that all the sub-systems starting from
reactor core to the turbo generator are simulated.
It is a Replica type in the sense that the training
simulator exactly resembles the PFBR control
room in terms of no. of panels, consoles, layout,
instrumentation, annunciations etc. The heart of
any simulator is the modeling software. Computer
simulation or modeling represents the application
of the relevant mathematical models to real
systems. These models are run in the exact
sequence and in real time to simulate the exact



behavior of the plant. The models for the
neutronics, primary and secondary sodium, steam
water, electrical sub systems have been
developed. Apowerful instructor station ispart of
the simulator. The simulator being a computer
based system, the instructor has the flexibility to
impart training to the operators in various reactor
states, scenarios, malfunctions, incidents and
observe the trainee's actions, reflexes. Unique
features and challenges in building the PFBR

Challenges and Achievements in Technology
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simulator are: (a) Itisthe first full scope simulator
for a fast reactor in the world (b) The Pressurised
Heavy Water Reactors (PHWR’s) are well
understood, and the systems have stabilized. The
PFBR being the first of its kind, the simulator is
being developed concurrently along with design
and construction of the reactor, and (c) the fuel
handling sub-system are being simulated with
animation features.

Hard-facing of Reactor Components using Nickel Base Alloy

Ageing Time (h)

Fig.45Hardness of nickel-base
hardfacing alloy with ageing

Cobalt-base alloys due to their proven performance
are used for high temperature hard-facing
applications. However, considerations of induced
radioactivity from Co@® isotopes, nickel-base alloys
have been chosen for hard-facing of the PFBR
components. Room temperature hardness of these
alloys is higher than that of cobalt-base alloys; butthe
hardness reduction at elevated temperatures is higher
for these alloys than for the cobalt-base alloys. Hence,
a systematic study on the variation of hardness of
nickel-base alloy deposits with elevated temperature
exposure was undertaken by the IGCAR. Fig. 45
gives reduction in room temperature hardness for
AWS Ni-Cr-B alloy (Colmonoy-5) after ageing at
different elevated temperatures for durations up to
5000 hours. From the high-temperature hardness data
available on as-welded deposits and hardness data on
long-term aged deposits, the high-temperature
hardness of the nickel-base hard-facing alloy for
different ageing durations has been estimated. The
results depicted in Fig. 46 show that the hardness of
these deposits at operating temperature even after 40
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Fig.46 Hardness of Colmonoy-5(C-5)
deposit on exposure at 823 K

years of service exposure would be higher than that of
the cobalt-base alloys. The nickel-base alloy chosen
for hard-facing is highly susceptible to cracking and it
was required to deposit this alloy on components of
very large dimensions without any cracks. As the
volume of deposition increases, obtaining deposits
without cracking, is a challenge and demands special
technology development efforts. A team comprising
designers, fabricators and metallurgists worked in
synergy to realize the application. Hard-facing ofthe
bottom plate ofthe grid plate assembly (acircularplate
of ~6 m diameter and -60 mm thickness) is one such
component in which a technology development effort
was successfully implemented. The hard-facing is
done on two rings on the outer side ofthis plate. The
circumferential length of hard facing for each ring
exceeds 21m. Plasma Transferred Arc (PTA) process
is chosen for this application because of its ability to
minimise dilution frombase metal. Initial trials during
technology development of this process resulted in
extensive cracking of the deposit. Subsequent trials
during technology development using modified
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design, improved automation of the deposition
process, use ofbetter heating arrangement for uniform
and controlled heating during preheating and stress
relieving heat treatment considerably reduced
cracking ofthe deposit. Finally, when the bottom plate
of actual grid plate assembly for PFBR was taken up
for hard facing, the job was completed in the first
attempt itself within a few hours without a single
crack. Four PTA machines, each 90 apart, were
employed simultaneously on the grid plate for hard-
facing. Fig. 47 shows hard-facing of the bottom plate
ofthe gridplate assembly.

Fig.47 Hard facing of grid plate
assembly of PFBR

Hard-facing of the inner surface of the grid plate
sleeve, in which the fuel sub-assembly rests, was
another critical task that required development of
indigenous technology. Hard-facing is required to be
done at a location about 500 mm from either end ofthe
about 1000 millimeter long hollow sleeve of inner
diameter of about 77 mm. The PTA torch was not
available for this application in commercial domain.
Hence, special torch was designed and developed
specifically for this application. As high preheat
(typically higher than 673 K) is employed for hard-
facing, the different materials used in the torch needed
to withstand high temperature during hard facing. A
large number of grid plate sleeves required for the
PFBR have been hard-faced using this innovative
process. Fig.48 shows hard-facing of one such sleeve

with the indigenously developed the PTA torch
assembly.

Challenges and Achievements in
Manufacturing Technology

The development of large-size bearings,
inflatable seals, high temperature fission
chambers, and manufacture of large-size thin-
walled vessels, made of stainless steel with tight
form tolerances, machining and assembly of grid
plate and steam generators with close tolerances,
are some of the challenging issues which have
been successfully resolved through detailed
technology development exercise. In particular,
for the large diameter thin vessels, the major
manufacturing challenges are: the basic plates
should not have any defects such as laminations
for which high quality control is essential, large
lengths of welds for integration of individual
petals, stringent control on the manufacturing
deviations, such as form tolerances (< !4
thickness), vertically and horizontality (< 2
mm), high quality welds and low residual stress
need to be achieved without any heat treatment. In
order to build unique capability in the Indian
industries and also to assess the manufacturing
tolerances that can be achieved by the industries,
elaborate manufacturing technology
developmentworks were undertaken prior to start
of construction of the PFBR. The level of
confidence of long delivery components such as
main vessel, inner vessel, absorber rod drive
mechanisms and steam generators, for the desired
quality and time schedule has been raised,
through the manufacturing technology
development exercises. Fig.49 shows a few
components, which have been manufactured prior
to launchingthe PFBR.

The same strategy has been practiced during the
course of manufacture of other challenging
components, such as grid plate, primary sodium
pipes and header, core support structure, steam
generator tube bundle and IHX tube sheet
(Fig.50)
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Challenges in Construction

The concept of inter-connected buildings has
been adopted for nuclear island ofthe PFBR. The
nuclear island extends over 100 m x 92 m area
with tall buildings, The highest among these is the
reactor containment building which is about 72 m
tall. With the base raft thickness of 3.5 m, the civil
construction of the nuclear island interconnected
buildings (NCIB) involves pouring of 35000 m3
ofconcrete. Completion ofthe construction ofthe
PFBR before 2010 calls for many challenging
and innovative ideas to be implemented, both in
the construction and management policies. It is
required to carry out civil construction and
equipment erection simultaneously which
involves the-sate-of-art erection equipments and
construction methodologies, and highly
optimised construction sequences. The erection
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IHX Tubttfittl

Fig.50 PFBR components under manufacture

of large dimensioned and slender FBR
components with stringent dimensional
accuracies (a typical tolerance to be achieved on
horizontality over 15 m is less than 1 mm) is a
typical challenging task to be completed for the
first time in the country. Transportation of thin
shell structures from the site assembly to the final
locations is another challenging activity in the
construction. With systematically planned mock-
up trials, confidence to erect components with the
specified - tolerances has been achieved. The
confidence has been demonstrated through
successful erection of the safety vessel in June
2008 (Fig.51), and other components are being
erected sequentially. Details of erection and
sequencing have been finalized after a
comprehensive analytical and virtual simulation
studies.

Fig.51 Successful erection of safety vessel on the inner wall of reactor vault
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CostReduction Strategy

It is planned to construct 4 units of 500 MWe
capacity beyond the PFBR by 2020. The total
envisaged programme of the fast breeders with
recycle strategies is more than 500 GW(e). The
capital cost is the deciding factor in economy.
This apart, fuel cycle cost reduction is also a
significant factor in achieving the
competitiveness ofthe FBR. A systematic road-
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map has been made for the cost reduction for the
next four FBRs through a number of measures.
These include twin unit design, introduction of
further innovations, enhanced design lifeto 60y,
lower construction time, higher load factor and
higher burnup. On same financial funding terms
asthatofthe PFBR, the cost ofthese units will be
brought down significantly. The mechanisms of
costreductionare showninFig.52.
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Fig.52 Cost reduction mechanisms for future FBRs

Status ofReprocessing

The success of fast reactor technology demands
matching competence in closing the fuel cycle
through fuel reprocessing. The reprocessing of
the fast reactor fuels is a major challenge due to
high concentrations of plutonium and high
specific radioactivity. Plutonium Uranium
Extraction (PUREX) process is the workhorse of
the fastreactor fuel reprocessing forthenext2 to 3
decades. The technology of fast reactor fuel
reprocessing is planned to be established in India
in four phases: The first phase is the
developmental phase for the design and
development of equipment and systems, and
carrying out engineering scale experiments in
inactive conditions; the second phase is setting up

ofpilot plant for radioactive trials; the third phase
is demonstration of plant operation at sufficient
throughput level for confidence in scaling to
actual size plant and the fourth is the plant
construction and operation. For over two
decades, R&D has been carried out in the
Reprocessing Development Laboratory (RDL)
on various systems and equipment such as
chopper, dissolver, centrifugal extractor etc.
This effort has culminated in setting up of the
pilot plant, CORAL (Compact Reprocessing of
Advanced fuels in Lead shielded facility). This
pilotplantwas commissioned in late 2003 and is
currently reprocessing FBTR mixed carbide
fuel of 155 GWd/tbumup with acoolingperiod of
2 years. The Demonstration Fuel Reprocessing



Plant (DFRP), which is in advanced stage of
construction, will serve the total reprocessing
needs of the FBTR and also will reprocess a few
PFBR fuel sub-assemblies on demonstration
scale. The construction of the Fuel Reprocessing
Plant, (FRP) for closing the fuel cycle ofthe FBR
is the beginning of the fourth phase of Indian fast
reactor fuel reprocessing programme.

The technology of Fast Reactor Fuel
Reprocessing (FRFR) requires specialization in
many fields. The necessary research and
development work on process and equipment
development was carried out in RDL at the Indira
Gandhi Center for Atomic Research, Kalpakkam.
The developed equipment designed at RDL have
been tested at the engineering laboratory prior to
their deployment in the radioactive environment.
Some ofthe equipment have already been used for
the reprocessing of irradiated thorium fuel rods to
recover UZBwhich isused in the fabrication ofthe
FBR MOX fuel for the irradiation experiments in
FBTR.

Material Development

AISI type 304L austenitic stainless steel will
continue to be the main material of construction
for the FBR reprocessing and waste management
plants. In orderto improve the performance ofthis
material, the IGCAR is collaborating with other
industries for optimizing the specification of
tramp elements and carbon. Different grades of
stainless steels produced under this collaboration,
as well as those available in the commercial
market, are being tested in a nitric acid loop at thy
IGCAR. This study is aimed at generating
corrosion data under realistic conditions. These
data will provide suitable guidelines for
specifying the stainless steel grades
specifications, welding procedures and
generating acceptance criteria of material for
future reprocessing plants. The development of
corrosion resistant alloys like Ti-5%Ta-1.8%Nb
for dissolver and evaporator are also being
undertaken. Dissimilar metal joining for Ti-SS
has been already developed, and the deployed,
and the improvement of these technologies is a
part ofthe on-going efforts at the centre.
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Remote-Handling Systems Development

Since many of the operations have to be carried
out remotely, special devices like Master Slave
Manipulators (MSM), are designed, developed
and deployed in hot cells used for the operation on
irradiated fuel. A typical articulated arm type
MSM, is used for a payload of 5 Kg. The arm has
seven degrees of motions to enable easy remote
handling replacement or repair operations. The
arm is equipped with an airtight tong, called
Remotely Removable Tong (RRT). In case of
failure, the RRT canbe replaced remotely without
loosing a-containment. The RRT can also be
fitted remotely with different types ofend enables
for different applications. In MSM, all the
motions are transmitted from master to slave
through cables and gears. In most of the remote
works, the arms are used injudicious synergy to
realize the operations.

A special stainless steel mini-crane of 50 kg
capacity has been designed and deployed inside
the -tight containment box oflead hot cells. With
this crane and the MSM, different types of
gadgets can be fixed to the required system for
remote operation. This crane can be maintained
through glove ports since all the three drives,
brakes and limit switches for the X, Y and Z
motions, have been brought out from the
containment box to a glove box. Chemical
sampling is also carried out remotely. A typical
sampling system consists of a recirculation
system through a special sample bottle with
double capping arrangement. Loading of sample
bottle in the station is carried out through the
MSM. A typical sample station has provision of
five samples, and is operated by a single air
cylinder for insertion of the sample nozzle. The
sample bottle bed is raised up and engaged with
the sample nozzle with the air cylinder. After
homogenizing the tank by air sparging, the liquid
is circulated from the tank through the sample
bottle by vacuum aided airlift. After sufficient
recirculation, the sample bed is lowered and the
bottle is withdrawn. The sample bottles can be
caped and decapped remotely. In case, the sample
is to be analysed in the laboratory, which is
outside the hot cell, the bottle is dispatched
through pneumatic transport. There is a sample
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bottle dispatch station in the cell connected by a
pipe to a special glove box in the laboratory,
where the receipt station is located. The loading of
sample bottle in the dispatch station is through
MSM. In case the analysis is to be carried out in
the hot cell itself then, decapping is carried out
remotely using another special gadget and MSM.
Aliquoting is carried out remotely by a
teledosimet. pH metric titration for acidity and
chelation based solvent extraction for uranium
and plutonium estimation are carried out remotely
inthe cell.

Challenges for DFRP and Fuel Reprocessing
Plant (FRP)

The process flow-sheet for the DFRP and the FRP
could be finalised based on the experience of the
CORAL operations. The process equipment
designs are fine tuned and scaling-up could be
done with confidence. The entrainment oforganic
in strip product which is seen during the CORAL
campaigns, is a safety-related issue which has
been addressed. Early detection of this
phenomenon during plant operation has emerged
as an important requirement. The DFRP
operation will aid in estimating the various
performance factors ofplant operation. This plant
wouldbe commissioned in 2010.

Since the FRP is linked with the commercial
operation ofthe FBR and the fuel cycle, the cost
ofthe plant as well as the construction time has to
be kept under close control. Since the plant
handles large quantities ofPu, issues like modular
construction with batch operation, especially for
reconversion operations, are being addressed
during the design stage. Various R&D activities
on in-service inspection and online monitoring
are concurrently being undertaken to improve the
plantperformance.

Future R&D

Future Fast Reactors

The objectives of the R & D programme are to
ensure economy by way ofreducing the footprint
of the reactor and simplification of components,
ensure safety through advanced seismic designs,
compact and sensitive chemical sensors for early
detection of steam generator leaks, enhanced

plant life and availability. A variety of equipment
including modified cold traps, flow measuring
devices, training simulator, etc, are under
development. Dedicated facilities are being built
to test large-size reactor components such as grid
plate, large diameter bearings, etc. The shake
table is used to carry out validation of numerical
predictions of complex phenomenon such as
fluid-structure interactions effects in thin shells,
sloshing, non-linear dynamic by CAST3M. A
number of experimental programmes are being
pursued on safety-related issues such as aerosol
and behaviour, sodium leaks, interaction of
sodiumwith concrete, sodium fires, etc.

A comprehensive programme on the development
of materials is being pursuedto realize abumup of
200 GWd/t in future reactors. This includes
development of improved versions of D-9 alloys,
ferritic steels, oxide dispersion strengthened steels
and forming, welding and coating technologies for
large size and intricate components. The
developmentofadvanced NDE techniques is being
pursued to enable precise and accurate in-service
inspection ofthe reactor components.

R & D on Fuel Cycle forthe FBRs

A comprehensive R & D programme on
reprocessing and waste management is underway
with the objectives achieving of longer plant life
and availability in line with the reactor systems,
reduced cost and minimum waste generation. The
R&D activities on fast reactor fuel reprocessing
include, equipment, process and material
development as well as development of inservice
inspection and remote handling devices. The
operating experience of the CORAL had been
useful in upgrading the designs. For example, the
chopper for the DFRP design is modified to
improve the pin selection mechanism. In the
scaled up version ofthe CORAL type dissolver
for the DFRP, mechanical agitation of the pellets
is incorporated to improve the dissolution rates as
well to reduce the hull losses. Centrifugal
extractors are being continuously evaluated for
possible design improvements based on
modelling and experience. Apart from the
equipment being developed for regular plant
operation, R & D is also being pursued for novel



extraction equipment for special purpose
operations, such as a 20 stage ejector mixer settler
with provisions for ins-itu electrolysis.

The development of flow-sheets for minor
actinide partitioning and recovery of valuable
isotopes such as Cs-137, Sr-90 and palladium is
being pursued to ensure that the quantity ofhigh-
level waste to be immobilized is minimum, and
the period of surveillance of high-level nuclear
waste is reduced. Novel separation systems such
as room temperature ionic liquids (8T/1) and
supercritical extraction are being studied with a
view to develop environment-friendly separation
technologies. Novel techniques such as direct
electrodeposition of uranium as oxide and
palladium as metal from extracts of these metal
ions into RTILs have been demonstrated.

A comprehensive programme on modeling of
solvent extraction processes as well as process
equipment is in place to provide inputs for the
development of flow-sheets as well as design of
novel equipment. The modeling programme
includes determination of the densities of
solutions containing actinides, behaviour of
plutonium in various oxidation states,
polymerization and third phase formation.
Keeping in focus the fact that the fast breeder
reactors to be constructed after 2020 will be based
on metallic fuels, the development of
pyrochemical reprocessing was initiated more
than 10 years ago. The molten salt electrorefining
route for metallic fuel has been established on a
laboratory scale. Towards the application of the
pyrochemical reprocessing for the oxide fuels,
salt media based on magnesium chloride with
reduced operating temperature has been explored.
An engineering scale facility for demonstration of
molten salt electrorefining of uranium and its
alloys on kg scale will be ready for operation by
the end 0f2008.

Towards safe disposal of high-level waste, the
development of ceramic matrices for waste
immobilization has been taken up. “Synroc”-type
waste matrix has been developed and the
optimised flow-sheet for synthesis of precursors
has been shownto yield high density waste forms.
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Iron phosphate glass is being developed for the
immobilization of Cesium-137 and a few other
radioactive species which pose problem in
glasses, dueto their limited solubilities.

Basic Research

Basic research is being pursued on a number of
areas related to reactors as well as nuclear fuel
cycle. The research programme on materials
includes studies on mechanical properties of
materials, corrosion behaviour, radiation damage,
grain boundary engineering for enhancing
mechanical properties and ferrofluids for seals.
Programmes on basic research also span a wide
variety of other disciplines ranging from
chemistry, physics, chemical engineering to
environmental studies. Large-scale interaction
with academic and research institutions is one of
the key elements ofthe R & D strategy to enable
breakthroughs. The Centre provides freedom to
pursue interest in diverse areas as cultural
heritage, health care, education, etc. The centre
has a tradition of pursuing basic research in light
scattering, theoretical physics, high-pressure
research, computational modeling, super
conductivity etc., The basic science has paid rich
dividends by way ofproviding an environment of
high achievements and developing capacity to
meet the challenges.

Collaborations and HRD (academic, industry
and R&D)

In order to meet the urgent and growing need of
human resources, a training school for graduate
engineers and science post-graduates has been
established at the IGCAR. In addition to the
training programmes in engineering disciplines,
two new streams of training in Nuclear Reactor
Physics and Nuclear Fuel Cycle Chemistry are
being conducted at the training school. Most of
the R&D programs require solid foundation of
physics, chemistry and engineering. To achieve
breakthroughs, and provide for an adequate
resilience in frontline technology and provide
momentum R&D activities, a number of young
research scholars have been inducted into the
program under the aegis of Homi Bhabha
National Institute.
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By virtue of the multidisciplinary expertise, the
IGCAR has established itselfas a nationally and
internationally reputed research Center not only
in the primary areas of fast reactor technology but
also in many associated areas. It has been realised
that the success inthe R & D efforts would heavily
depend upon the availability of quality manpower
to execute the long-term programmes. Thus,
human resource development has been one of the
areas ofemphasis inthe managementphilosophy of
the Centre. For achieving the mission objectives of
the Centre, the IGCAR has entered into
collaborations with a number of educational and
research institutions. The collaborations have
encompassed various facets of materials
development, chemistry, reprocessing, design, and
safety. One of the key modes of interaction with
academic institutions is through undergraduate,
post-graduate and doctoral students.

The IGCAR has been an active participant in the
International Working Group on Fast Reactors
(IWGFR), and other International Atomic Energy
Agency (IAEA) activities of interest on fast
breeder reactor (FBR) programmes. The IGCAR
has also been actively participating in
international Co-ordinated Research Programmes
(CRP) of the IAEA in areas of reactor
engineering, reprocessing, NDE and safety. The
IGCAR has actively participated along with
Russia, France, Korea and Japan on the
investigation of the thermal striping damage of
the expansion tank of the Phoenix reactor. The
thermal hydraulic aswell as the structural damage
predictions made by the IGCAR scientists
matched well with the in-plant data. Another
CRP project in which the IGCAR has made
significant contribution was on inter-comparison
ofcomputer codes to predict seismic behaviour of
the FBR cores. In the CRP on core mechanics of
the FBRs, the predictions by the IGCAR
scientists were found to be in good agreement
with the experimental observations. The IGCAR
is actively participating in several current CRP
projects; One example is on the separation
efficiencies for La, Ce and Nd inthe oxide electro-
winning process using MgCl2based electrolyte, in
collaboration with Russia, Japan, Korea, China
and Czech Republic. Recently a programme of

internship has been initiated with the Nagaoka
University of Technology (NUT) in which the
students from the university would do project
work at the IGCAR with guides from both the
institutes. Apart from aiding in exchange of
expertise and facilities, this programme would
serve to strengthen the existing dynamic and
vibrantrelations betweenthe IGCAR and NUT.

The collaboration ofthe IGCAR with the French
Atomic Energy Commission (CEA) dates back to
1969, when the fast breeder test reactor (FBTR)
was conceived to be built by adaptation from the
French fast reactor Rapsodie. Several design
modifications were envisaged. This collaborative
phase lasted till the embargo regime was imposed
after the first peaceful nuclear explosion. The
IGCAR re-established collaboration with the
French Atomic Energy Commission (CEA) in
1989 to exchange computer codes in the field of
thermal hydraulics and structural mechanics.
Under this collaboration, the IGCAR received
CASTEM 2000, PLEXUS and TEDEL codes
for structural mechanics analysis from CEA.
Recently, the IGCAR has established
collaboration with CEA in wider spectrum of
subjects related to basic science and safety.

In an Indo-French collaborative programme on
ferrofluids, a device has been developed that can
measure forces of the order of 10BN between
colloidal particles, and it has been effectively
utilized for synthesizing ferrofluids and their
emulsions with long-term stability. The
programme has led to filing of four patents that
include force apparatus, ferrofluid based
magnetic flux leakage measurements for NDT
and optical filters. The technology is now being
adapted to develop the dynamic seals for sodium
pumps used in fast reactors. In collaboration with
Centre for NDE, lowa State University, a three
dimensional boundary element model has been
developed and validated for detection and
guantitative evaluation of surface and sub-surface
cracks in structural components. In collaboration
with the Michigan State University, East Lansing,
modelling of response of in-house developed
SQUID sensors for detection of defects through
flux leakage measurements has been pursued for



optimization of the sensor design. These
interactions also promote inter-laboratory co-
operation and cross-fertilization of ideas, which
benefit both the IGCAR as well as the
collaborating institutes.

Conclusion

Fast breeder reactor with closed fuel cycle is an
inevitable technology option to provide energy
security for India. India has matured in several
advanced fields of fast breeder and associated
nuclear fuel cycle technologies. Materials
development and materials technologies,
particularly the widely used austenitic stainless
steels, have a deterministic influence on the
advancement and success of the fast breeder
programme. Stainless steels are exposed to
challenging environments of radiation,
temperature, stress and chemicals. Rigorous
R&D for alloy development complemented with
detailed structure-property evaluation of relevant
mechanical and corrosion behaviour data have
been possible with the state-of-art facilities
established at the IGCAR. These data provide
useful inputs for design engineers to ensure
reliable and safe operation of the components.
Advanced concepts in alloy design and grain
boundary engineering have been utilised to
enhance the corrosion resistance and mechanical
properties of alloys. Advanced NDE techniques
for assessment of manufactured components and
in-service inspection have been developed,
enhancing the confidence in the performance of
the plant components and systems. The ultimate
objective would be to shift from the present
domain of materials limited life of components to
design-basis life time performance of
components without materials failure. These
objectives complimented with the enhanced
design inputs, viz., 60-100 years design life of
reactor, 2,00,000 MWd/t bumup of fuel, etc., that
would result in improved economics, safety and
reliability of the plant performance. Meeting
these objectives is key to realisation of the vision
to provide fast reactor electricity at an affordable
and competitive price.

The IGCAR also houses the facilities for large
component testing and evaluation of component
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behaviour under seismic loading. The R&D
programmes in the domains of materials
development, structural mechanics, design,
manufacturing, NDE, computer applications,
Instrumentation, have been peer reviewed and
assessed for purpose and competence. Sustained
interactions with the competent industries and
through a consciously nurtured academia-
industry-institute collaborations, bench-marks
have been established at international level.
Indigenization has been achieved and is in an
advanced stage of implementation. The
manufacturing capability of the industries has
also proven to be complete to ensure indigenous
fabrication of all components of the sodium
cooled fast spectrum reactors and re-processing
plants with results which can be considered
internationally as abench mark.

There are several challenging science and
engineering tasks in the fast reactor technology
awaiting contributions from mature and budding
scientists and engineers. Materials challenges for
future include clean steel technology for thin
sections, grain boundary engineering for
enhancing performance parameters of the fast
reactor technology, large thickness plate welding
with minimum heat affected zone, manufacturing
robustness with economics, ageing management
strategies for long life of reactors, enhancing
weld performance, in service inspection of
inaccessible and critical components, intelligent
remote welding, modeling approaches for
damage mechanisms such as void damage and
alloy development, intelligent control and
instrumentation, wireless sensor networks,
robotics, analysis of core disruptive accident,
advanced simulation and modeling for transient
conditions, etc.

The envisaged road-map for the development of
materials, robust fabrication technologies,
understanding of damage mechanisms and life
prediction methodologies of structural materials
for reliable, safe and economic fast breeder
reactor and associated fuel cycle is being realized
by synergy among academic, research and
industrial organizations.
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Introduction

Aerospace has been widely acknowledged asbthe
single most critical and cutting-edge technology
domain in the twenty first century. Technology
advances in this critical area have been fast paced,
with multiple applications that are multi-
disciplinary in nature. The field of aerospace
technology encompasses various technology
areas, viz., mechanical, aerodynamics, materials,
electronics and avionics, just to name a few this
facet, and an overall understanding of these
diverse domains make it the single most
challenging area for scientists and technologists.

The United States is acknowledged as the world
leader with its Government playing a leading role.
In 2006, the US National Science and Technology
Council's Committee on Technology, put out a
National Aeronautics policy on R&D which
included recommendations made to clarify, focus,
and coordinate the R&D activities in Aeronautics.
The key features of this policy were to provide
long term stability and focus in innovative
research and Test & Evaluation, infrastructure,
develop advanced concepts and technologies for
unsurpassed military capability, cultivate an R&D
environment that enables a globally competitive
U.S. aeronautics enterprise, and encourages
industry investment and academic participation.

India unfortunately does not have any such well
laid out policy framework to encourage and
stimulate R&D/technology development in
aeronautics. This is perhaps the primary need ofthe
hour. In the civilian sector hardly any progress has
been achieved and the National Aeronautics
Laboratoryunder the CSIR hasjust recorded initial
breakthrough with its Humsa and Saras programs. |

will focus on the defence technology development
- itsachievements, limitations and key challenges.

Indian aerospace technologies in defence sector
took the first tentative steps in the early eighties
with the birth of the Integrated Guided Missile
Development Program. The technology scenario
at the start was quite bleak. Dependency on
foreign technologies, lack of a policy framework
for indigenous R&D, non-availability ofavendor
base, lack of manufacturing support and
infrastructure kept the status of our indigenous
technology development at a low level. The
DRDO took up the challenge of abinitio
development of technology infrastructure for
almost every sub-system ofthe family of missiles
which it had been tasked to develop. Design,
prototype manufacturing, T&E infrastructure and
qualification of developed systems for the Agni,
Prithvi, Trishul, Akash and Nag laid the
foundations of the aerospace technology in the
country. Work was started concurrently in diverse
areas, viz., propulsion- liquid and subsequently
solid, navigation, guidance systems - wire
guided, command guidance, aerodynamics re-
entry structures, light weight high temperature
materials development, on-board computers and
avionics systems. The whole gamut of activity in
each of these areas starting from basic design to
prototype development was taken up on a war
footing. Within the first seven years from the start,
the DRDO gave to the nation its first strategic
missile systems- Prithvi and Agni TD. From then
on, a family of missile systems have been
produced, viz., the Prithvi 11/111, Agni /I,
Akash area defence system, etc. Its most
ambitious venture, the Ballistic Missile Defence
System, is in an advanced stage of development.



Work on the Air-to-Air missile Astra and the long-
range SAM in collaboration with Israel is
underway. The DRDO's future road-map in
missile systems include the development of
Hypersonic air breathing vehicle propulsion
which includes dual mode Ramjet-Scramjet at
Mach 2-8, aerothermodynamic design studies,
thermal protection systems, high temp materials-
coatings, paints and metallic foams for
applications in extended air defence, surveillance
and recce. Long range radars for target tracking
will be another key area offocus.

Simultaneously test facility build-up for each of
these systems will also be undertaken, of which
the hypersonic wind tunnel and shock tunnel will
be the main priority tasks. The Indo-Russianjoint
venture Brahmos which has recorded, significant
progress will reach its next stage with the
development activity for long-range cruise
missile as its main focus.

The Future technology areas will include pulse
detonation engines using hydrogen, liquid
methane etc, inertial sensors, navigation sensors:
BRAINS with stellar navigation, radar seekers:
LWIR / MWIR seekers and extending into Ladar
seekers. Another key area of future development
will be in stealth materials and the fabrication,
multispectral stealth materials and technologies
including coatings and structures, carbon-carbon
composites, high performance nano-composites
with carbon ceramic polymer up to 3000 deg C
operation.

Aeronautic systems:

Inthe early nineties the DRDO made its first foray
into combat aviation with the Light combat
aircraft program. The abrupt end of the HF-24
Marut program had left the combat aviation
scenario in a limbo, and we had perforce to start
all over again. The ongoing work ofthe IGMDP
proved to be of immense use for the LCA, and
industries/academia which were contributing to
the IGMDP were now drawn into the LCA. The
LCA program turned out to be truly a national
endeavour. Spearheaded by the Aeronautical
development Agency at (ADA) with HAL as its
manufacturing partner, the LCA program
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encompassed over 15 DRDO labs, a number of
CSIR Institutes, HAL, BEL , ordnance factory,
Indian large-scale private players, and small and
medium scale industries. The LCA program gave
to the country a number of critical technologies,
viz., fly-by-wire technology, composite
structures, mission computers and avionics,
quadruplex digital flight control systems, etc. The
Citical Control Law (CLAW) under joint
development with the USA was hit by sanctions,
and India had to re-group its indigenous skill-sets
to complete the development through its own
efforts. Aeronautics and aerospace industry of
India actually came into its own and received
global attention with the LCA program. Today the
DRDO can proudly claim to have played a major
part in enhancing the technology capability of
India’s defence industrial base, attested by the fact
that a number of aerospace majors of the world
have set up their R&D centres in India. The
challenges in this path were many, chief among
them being the setback faced due to post-1998
technology sanctions from the denial regimes and
lack ofwhole-hearted commitment ofthe users.

Having to a great extent circumvented these
problems, the DRDO's future roadmap is targeted
towards development of the next generation
medium combataircraft (atwin seater dual engine
aircraft with supersonic speeds and possibly
stealth built into it. Meanwhile work had also
been initiated for the development of unmanned
system and in the nineties the first unmanned
aerial vehicles, the Lakshya (an aerial target) and
Nishant (a surveiallance UAV) had been
developed with their attendant technologies for
airfarme, launch and recovery, command and
control system with data-links having been
indegenised to a great extent. Today, work is in
progress for the development of a Medium
Altitude High Endurance (MALE) UAV with
greater endurance (24 hrs) and extended
command range. Work on the electro-optic
payloads is also underway. The DRDO has
initiated the development ofan unmanned combat
vehicles inwhich advanced features of stealth and
speed will be added progressively as they
demonstrate maturity. Another important sphere
of developmental activity is on an Airborne Early
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Warning and Control system for air-borne
surveillance for which work on the primary radar
isunderway at LRDE.

The key technology areas in which the DRDO
will focus in the coming decade will thus include
just to name a few super-cruise, thrust vector
control, serpentine air intake systems. The
aeronautics development scenario in the country
has thus graduated in steps from a tactical combat
aircraft and a tactical unmanned air vehicle to the
next generation fighter and onto an unmanned
combataircraft.

Electronic systems

Aerospace technologies are heavily dependent on
electronics and avionics. DRDO has recognised
this important fact, and has initiated a number of
developmental activities in related areas,
including synthetic aperture radar and AESA for
multi-target tracking and engagement, network-
centric operations, long-range EO systems for
UAV/aerostats, solid state lasers , multi- spectral
laser warning and counter-measure systems and
high speed data links and high data rate links .
Work is on for ultra-wide band software defined
radios and next generation dedicated satellite
communication systems. A major thrust will be on
space-based systems with the MEM S-based mini
satellite for Elint/Comint operations, unfurlable
antennas, Leo/Meo Satcom systems as top
priorities for development.

Way forward

Having given a broad overview ofthe DRDOQO's
activity in aerospace technologies and its future
road-map, | outline below the measures required
to enhance India's position in the global aerospace
scenario.

1. Firstly, there is a need for anew vision for
technology leadership. This vision for
indigenous technology development,
should focus on building advanced
aerospace technologies with transformed
development processes with the aim of
making India a leader in high technology
areas and systems. This vision would be a
reality in a 20-25 year time span. This
could be achieved basically through a 3-

step process involving a number of

players.

(1) We should first focus on formulating
new patterns for the technical
education system, aimed at building
capabilities and capacity for thinking
in new lines. The system must
inculcate creativity and innovation
culture with systematic problem-
solving skills. It must develop
collaborative working skills for
design-build-test-validate cycle in
the curriculum. The aim is not to
catch up with the westbut to innovate
independently better products and
systems, that would exceed
International benchmarks.

(i) We should develop linkages and
collaborative working culture.
Expertise developed through
isolated tasks if linked together will
result inacombined effect far greater
than that derived from individual
effect. Here, the synergistic
partnership of the Govt, labs,
industry and academia is an
important factor. Guidelines must be
set and mechanisms put in place with
due incentives to enable private
industries and academic institutions
to work in together with the Gowt,
labsto achieve  greater success.

(iif) Another important factor is to
develop a capability to take decisions
under risk. Failures need to be
considered as part of success and an
integral portion of the development
effort. Fast decision making and a
willingness to develop high risk-
high payoff technology that are
important facets activity of
concerning aerospace should be
promoted.

2. The second phase should deal with the

establishment of a working methodology
for development. The quickest and the
best route for development should be a
synergistic effort. Product
conceptualisation, simulation studies and



modelling are best done at the academia
institutions, which should concentrate on
converting scientific concepts to
development of technologies and
processes (TRL 0 to 3). Product
conceptualisation and preliminary
designing are best done at the R&D labs
(TRL 3-6). Final product manufacturing
and fabrication should ideally be left to
the industry partner, who should be
brought into the loop in the early stages.
This synergistic partnership can be
effectively utilised to produce optimum
results in the shortest possible time, with
the added advantage of being able to
achieve advanced upgrading faster rate at
probably lesser cost.

There are of course many challenges to

this development process and the path to

technology development especially in

aerospace domain, is not easy. Some of

the specific challenges relating to the area

ofdefence technologies include:

() Fastchanging advances with greater
complexity

(it) Forecasting future requirements in
consultationwith users

(ii1) Motivating the development team,
specially for long-gestation
programs

(iv) Difficulty in getting private industry
to invest time/money in high- risk
projects

(v) Multi-organisational collaborative
working on multi-technologies at
different phases during the life
cycles oftechnologies

In order to make Indian aerospace
technologies and systems more
competitive and to attain world-class
standards inthe 2 14century there is aneed
to change the development processes. The
development cycle, its maturation,
product designing, testing and validation
together with technology transfer and
production co-ordination should be
carried out effectively within the
committed time-frame. The

4.
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requirements need to be organised in a
focussed manner with a formal system of
task assignment and resource
deployment. Concurrent approach rather
than a sequential process should be
encouraged. Funding methodology and
the fund-flow should be streamlined so as
not to introduce delays in the process.
Appropriate review mechanisms should
ensure system dynamism.

Mechanisms for defence technology
acquisition and development are
important. The aerospace technologies
are of critical importance, and it is
necessary to understand the avenues
available for the technology planners.
Broadly speaking the modus operandi
within the defence sector and outside can
be dividedinto two main streams:

(i) Assessing the technology gaps in the
defence sector and launching of
basic research programs to fill the re
gaps are a long lead requirement
which should be recognised well in
advance. Simultaneously, for
systems which are imported from
abroad, we must ensure at least
limited technology transfer so as to
provide learning process to our
scientific personnel. Finally,
international collaboration between
other countries with complementary
skill-sets and respectable work-share
arrangement is perhaps the quickest
means to jump start new
technologies.

(i) While these are the channels for
technology acquisition in the
defence sector, the civilian sector can
also an important role in enhancing
the technological capability of the
nation. Defence R&D must identify
certain niche technologies which
must be home- grown from grass-
root level. Examples of this include
hypersonic propulsion, nano-sensors
and systems, strategic materials,
Imaging sensors and systems etc.
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These must be given as technology
seeding projects to reputed academic
institutions, wherein Centres of
excellence established in core
technologies could become
fountains of knowledge in the years
to come. Yet another measure could
be the training of Indian S&T
personnel in reputed universities
abroad, and investing in them for
future technology needs. This
method has been honed to perfection
by China, which sends its personnel
for specialised training abroad and
then brings them back to be placed on
top positions with excellent
remuneration. Another important
route could be to allow
technologically advanced countries
to open R&D centres in India, utilise
Indian manpower and ensure
mechanisms to earn valuable foreign
exchange through exports from
Indian shores of their products, with
the pre-condition that these products
would be easily available to the
Indian defence establishment.
Finally, Gowvt, should create more
Aero Parks and SEZs for aero-
technologies and invest heavily in
test facilities and high-cost
manufacturing facilities. The
infrastructures required for
development, manufacture,
qualifications of aero-technologies
are extremely expensive and
therefore, require support of Gowt,
funding at the initial stages of their
creation(GOCO model). In many
cases the dividing line between
military and civil aero- technologies

is very narrow, and therefore, the
infrastructures could be shared.
Training institutes within the Aero
Parks could be established for
generating world-class qualified
technicians in aero-technologies.
Adequate linkages between research
organisations, academia, industries
and these Aero Parks and SEZs
should be ensured through
innovative schemes to nurture new
ideas and create break-throughs.

Conclusion

The Government, industry and academia should
share responsibility for the development of
aerospace technology, with the Govt, playing a
leading role and instituting policies and
mechanisms for incentivising all players to
proactively partake in developmentacross arange
of technical disciplines. It could also liberalize
procedures for high risk-high payoff projects for
critical technology development. The country
will needs scientists and technologists with
substantial knowledge across multiple technical
areas, and also improved tools and methods for
overall system integration. The Government,
Industry and in the years ahead academia will
therefore have to indicate their willingness to
support development of future systems that will
be more complex, involve higher risk and are
technology intensive.

The future ofaerospace products in India depends
on technology development and integration ofthe
efforts of all players performing their well-
defined roles for a synergistic output. In the final
analysis, technology innovation and product
moving need to be encouraged to strengthen
India’s position in the field ofaerospace for which
anew vision of cooperative connectivity needs to
be established atthe earliest.



Award Lecture Series of
Indian National Academy of Engineering

Professor Jai Krishna Memorial Award Lecture 2010

The Resurrection of a Steel Plant and
The Renaissance of a Steel City

Sanak Mishra
Managing Director: Roorkela Steel Plant, Director : Steel Authority of India

Introduction

In about two years during 2002-04, the Rourkela
Steel Plant (RSP) achieved one of the most
dramatic turnarounds in the Indian corporate
history. (Reference: http://www.steelworld.
com/rour.htm; Rourkela Steel Plant; A Saga of
Transformation). In fact, what happened is rather
unique. While turnarounds in industry and
business are not uncommon, the process through
which it was achieved at Rourkela is not what is
commonly seen. To comprehend this, one has to
actually understand, first ofall, the circumstances
that had the Steel Plant in their stranglehold and
the kind ofhopeless situation that existed there.

The RSP was the torch-bearer for the Public
Sector Steel Industry in India, and carried the
banner ofthe industrial revolution for the nascent
Republic of India. The construction of the Steel
Plant, then a part ofthe erstwhile Hindustan Steel
Limited (HSL) and now a unit of the Steel
Authority of India Limited (SAIL), was started
during the mid-fifties of the 20th century, in
collaboration with a consortium of leading steel
plant designers from the Federal Republic of
Germany.

The units atthe 1.0 MT stage were commissioned
between December, 1958 and early part of 1962.
With a view to meeting the additional demand for
flat products in the country, it was decided to
increase the capacity ofthe Blooming & Slabbing
Mill, Hot Strip Mill and Plate Mill at RSP.
Accordingly, capacity ofingot steel was increased
from 1.0 MT to 1.8 MT between 1965 and 1969.
Besides expansion of the capacity ofthe existing
units, the scheme also envisaged addition of new
units like Electrical Sheet Mill (for dynamo and
transformer grade steel) and galvanizing lines (for

corrugated and plain galvanized sheets).
Subsequent to the expansion of the steel plant a
number of units were added to enhance the
product quality, production, productivity and to
meet the market needs. These units included
Spiral Weld Pipe Plant, Silicon Steel Mill,
Captive Power Plant-11, Mechanical Shop,
Structural & Fabrication Shop, Heavy Loco
Repair Shop, Slag Granulation Plant and Coke
Ovens Battery Number 5.

These additional facilities made RSP one of the
unique steel plants under the SAIL umbrella
producing a wide variety of special purpose steel.
The use of its plates in ship building and high
pressure vessels, silicon steel in electrical
industries, corrugated galvanized sheets for
roofing including industrial roofing, pipes in the
oil and gas sectors, tin plates in packaging
industries and special plates in the defence ofthe
nation are well known.

In order to overcome technological obsolescence
and to continue to remain competitive in the
market place, even internationally, RSP went in
for modernization, which was conceived in 1988.
Phase-1 of modernization, which emphasized on
improving the quality ofraw materials, consisted
of a new oxygen plant, upgradation schemes for
blast furnaces, dolomite brick plant, cast house
slag granulation plant at blast fumace-4, raw
material handling system, coal handling plant (in
coke ovens) and power distribution system, was
completed in 1994. Phase-Il consisted of a new
sinter plant, basic oxygen furnace and slab casting
shop in steel melting shop-Il, modification of
plate mill & hot strip mill and installation of slab
casting shop in SMS-1, except for hot strip mill,
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which was completed in 1999, all the other areas
were completed in 1997.

Onthe other hand, the RSP had been continuously
incurring losses year after year, since the mid-
90s. While a part of this could be due to the
overcapacity in the steel industry and the
consequential decline in steel prices, there were
other factors that did not meet the eye and were the
ones which had been taken for granted. The
facilities which had been introduced during the
modernization were done at a cost of more than
Rs.4000 crores and with borrowings mostly from
financial institutions, carried a huge burden of
interest. These equipment and facilities also
entailed a huge amount of depreciation. The only
way out for the plant was to utilize these
equipment and facilities fully for generating
revenue to payback this burden. But what was
noticeable was that capacity utilization was very
low, both in the modernized units as well as in the
pre-existing units, adding to the fixed cost of
production which ultimately brought down the
profitability and contributed to the losses.

The reason for the low capacity utilization was
because ofpoor level ofequipment health that led
to breakdowns quite frequently, thus interrupting
production. Fires and “Maioperations” were
occurring quite regularly contributing to
breakdowns and interruptions in production. The
state of health of equipment in the critical areas
like Coke Ovens, Blast Furnaces, Steel Melting
Shops, Power Plants and other downstream areas
was also not anywhere near satisfactory, stifling
the efforts to hike up production. Another
phenomenon that was quite visible was the
acceptance of low standards. This led to low
efficiency in the form of poor techno-economics
on the one hand which again added to cost, and
poor quality ofproducts on the other hand leading
to the pile up of unsold stocks. Apparently,
significant quantities of production had been
carried out only for volumes thus earning
incentives, and not catering to the requirement of
customers. At the same time, the level of
discipline in the steel plant was also far below the
mark, making any effort to come out of the
situation a difficult one. There was a perceptible

fear among the employees due to the dominance
of the pressure groups who resisted any kind of
even incremental improvements at the shop floor.

The result was that the steel plant was
accumulating losses year after year. Instead of
working towards changing things, the employees
were more concerned about finding reasons that
had led to the mess and blaming everything ofthe
past to be the cause of the problem. The
confidence ofthe employees, both Executives and
Non-Executives, had been shaken up, and no one
believed that any improvement was possible.
Most employees were already expecting the
closure of the plant; hence the morale was low.
The other thing was that there was a visible
absence of leadership throughout the
organization. Another important feature was that
no one seemed to be in aposition to understand the
implications of this phenomenon. At this stage,
the Rourkela Steel Plant was incurring a loss of
Rupees 3 crores a day.

Experimentsin Courage

Itwas inthis backgroundthat | was drafted to head
the Rourkela Steel Plant as its Chief Executive..
On joining, the first thing | did was to study the
ground realities and understand what actually was
wrong. It became increasingly clear, with some
homework, that there were some common
external factors which were the same for every
player in the steel industry which had to do with
the depressed market. But | also discovered that
many of RSP's woes were very specific to the
steel plant itself, and had nothing to do with the
outside world. These were the “internal” factors.
Low capacity utilization, poor equipment health,
breakdowns, mal-operations, fires, poor techno-
economics, poor quality of finished products, etc.
were all the result of the actions of the
management and employees of the steel plant. It
was, therefore, the employees who had to undo
the same, working hand in hand with the
management.

| firmly believed that “human resources are the
most powerful force in taking any organization
forward even if the organization is highly
technology centered.” So any effortthat needed to
be made had to have employees at the centre.



Considering the industrial relations situation and
a lack of employee faith on the management
which was largely the creation of shop-floor
pressure groups, many had cautioned me on the
steps to be taken where the employees were
concerned. But it was clear that if things at RSP
had to improve then steps were needed right away
and we simply did not have the luxury of an
unlimited time frame. | was convinced that if the
Steel Plant had to improve its lot primarily
through internal actions, then it had to be isolated
and insulated from any form of interference from
political masters and bureaucrats. | understood
clearly that this was an onerous responsibility
which was solely mine, and I also understood that
in doing so, there was a very real risk to my own
position and continuance as the Chief Executive
of the Steel Plant. | decided to take that risk,
considering that ifthe Plant had to survive and get
revived, thatwas the least that should be done.

Oblivious of the words of caution of my well-
wishers, | decided to act on my own conviction
and move on. In fact, | took the unprecedented
step of visiting the shop floors in an exercise that
was internal “Reaching Out”, within a week of
taking charge of RSP. This was actually a clear
deviation from the protocol of hierarchy which
was broken very consciously. My idea of doing
things keeping in mind the interest of RSP was in
effect aimed at engaging the attention ofeach and
every employee in the process ofrevival of RSP.
While my colleagues on the shop floor were
somewhat surprised seeing the Chief Executive
right atthe work place, | chose to speak directly to
the employees who operated machines and
equipment.

In about amonth or so, having travelled the length
and breadth ofthe steel plant, I gotthe opportunity
of meeting thousands of employees. | began by
telling each group the truth regarding the
prevailing state of affairs at RSP. | described the
unenviable situation to the organization in clear
terms, and explained that unless each employee
understood and worked for the steel plant the
future could no more be taken for granted. At the
same time, I welcomed to hear their feelings about
the situation that we were in. It was easy to notice
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that a number of people had no clue of the
importance oftheir individual roles. Many did not
know how their own performance affected others,
and how the performance of others affected their
performance. | had a straight forward question to
each section ofemployees whichwas simply “Are
you prepared to take up the challenge for the
future ofthe steel plant or are you going to sitand
watch as the situation goes outofhand ?”” Happily
many were willing to give an honest effort to
make things better. Most ofthe employees found
my approach of speaking my heart out an unusual
one, and they also spoke from their heart telling
me things like, Give us challenges and we will
achieve” and “Give us the resources and we will
produce atrecord level.”

Anotherthing | didwas taking a look atthe critical
and important positions at the Senior
Management and General Manager level, making
a complete reshuffle of many of the incumbents
giving them new areas for delivering results
instead of continuing them in departments where
they had grown. These senior executives were
posted with clear-cut responsibility for results.
Similarly, non-performers were also eased out to
the sidelines, making way for potential
performers in key positions. One of the purposes
behind all these actions was to demonstrate to the
employees and the people all around that there
had to be a paradigm shift through visible
initiatives directed towards bringing about
improvements.

The TenPriorities
During my interactions with the employees, |
made note of the different aspects of the
organization, keeping in view the ultimate
objective of turning around the steel plant from a
loss-making one to avibrant one. | introduced and
energetically engaged the employees in “10
Priorities” which were as follows:
» Employee motivation and employee pride
» Leadership practice
* Environmental relations and
organizational change
* Plantmaintenance and equipment health
« Small investment schemes for
maintaining current operations
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e Sustained operation and consistent
production

» Strengthening secondary streams of cash
generation

» Operation and purchase costreduction

e Sustaining the benefits of any
ImprovementProjects already carried out

» Enhancing Gross Margin and Net Sales
Realisation

To convey the seriousness of these initiatives,
crack teams were formed with Senior Executives
to monitor each one ofthem.

Bringing Closeness

| had firmed up my objective of bringing about a
turnaround through each and every employee of
RSP a movement that would reduce the distance
between minds. One ofthe difficulties was that in
any interaction, employees always came up with
the blame game and kept pointing out the
responsibility of the management to bring about
improvements and own up the failures, besides
the failure of equipment performance and other
shortfalls. This was a mindset that had crept in
over many years of working in a casual manner
and had put the management and Managers on the
defensive. Ithad become an accepted position that
managers would listen to allegations from the
employees and top management was responsible
for all wrongs. The other thing was to blame the
upstream units and the downstream units besides
blaming maintenance by operation and vice-
versa. Moreover most employees, Executives or
Non-Executives thought that they were working
very hard but not getting enough reward or

recognition. These made interactions getting
focused on these aspects rather than on discussing
how to make things better. This had to be
overcome, again, by a paradigm shift. It needed
some straight talking and some courageous
actions. It was of paramount importance that the
employees understood that turning around the
loss-making steel plant was NOT the sole
responsibility ofthe Managing Director only, and
that each employee had to accept responsibility in
his/her respective place and sphere ofwork.

A New Credo

It was against this backdrop that I commenced a
string ofinteraction sessionswithin a fewmonths of
taking over the charge of RSP. These were called
Workshops for “Sharing Concern”, involving
nearly 120 employees at a time from key
operational (production) departments to start with,
and later from centralized services and
maintenance departments. In each of these
Workshops, 70% of participants were non-
executives. | sat through each and every Workshop
and set the tone with some tough talking. |
explained the areas of concern, which | had
identified and have explained earlier in this article
and repeatedly reminded them that “We ourselves
are responsiblefor the situation in which the Steel
Plant finds itself’. While things were bad,
improvements could not come from actions by
anyone from outside or the Managing Director
alone. On the other hand, solutions of the RSP's
problems could come only through internal
physical actions to be performed by the employees
themselves on the shop- floor. The deliberations in
these Workshops canbe summarized as follows:



For the firsttime, we had the financial figures ofthe
steel plant placed before the employees who got a
feel of where we stood financially. Although there
was a possibility of the employees becoming
demoralized through this sharing of information, |
decided to go ahead so that there could be a sharing
of concern through this knowledge. Components
like gross margin, revenue realisation, fixed cost,
variable cost, contribution and net margin (or
profitability), relevant to the department, were also
presented and discussed in detail. Throughthis type
of presentations, one thing was made clear: Our
focus had to be on “profit-related working” and
each one had to understand whether a particular
action was contributing to more cost, or, to more
revenue. Accordingly, the employees, had to be
careful and carry outactions ina manner thatwould
inclusive revenue ratherthan cost.

The employees were encouraged to explain their
understanding of the problems and what
according to them could be the solution, and their
views were taken seriously. But it was
emphasized during the interactions that there was
no use of blaming others because everyone was
accountable for the results. It was, therefore,
necessary to sitwith the people we blamed because
they were also one ofus, so that the job was done as
it was supposed to have been done. During the
Workshops, itwas reiterated that, “The future ofthe
steel plant lay in the hands of the employees
themselves”. It was therefore important that each
employee did what was expected off him/her and
notwhat was convenientto him or her.” On several
occasions when employees feltthe pressure ofhard
work, they would talk of rewards, but | would tell
them that “no one was doing RSP a favour by
working hard. The process of reviving RSP
involves hard work like never before and I cannot
promise you anything for this hard work. But the
one thing I can assure you ofatthe end is a sense of
accomplishment. | can tell with confidence that it
will be much more satisfying than any reward that
youmay get.”

Because of the adverse market conditions, the
steel plant had been operating only three out of its
four blast furnaces. The steel plant, because ofits
low capacity utilization in the primary units, had
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evolved a system of importing slabs from other
sister units to keep its finishing units in the mills
running. While low capacity utilization added to
fixed cost, the import of slabs also added to cost.
For RSP's profitability, it had to produce slabs
from its own hot metal, and then convertthem into
finished products against firm orders rather than
the estimated projections.

| took two important decisions in the early days to
counter this situation. The first was to absolutely
minimize the import of slabs from the sister units
and the second was to reintroduce four-blast-
fumace operation.. Since the market conditions
had not improved this was a risky decision. But I
decided that instead of importing slabs it was
better to focus on cost reduction through the
existing capacity utilization for profitability,
which was our ultimate objective. This entailed
pressure on blast furnaces and steel melting shops
both the which had poor track record in
continuous operations. At the same time, it was
decided that the finishing units shall not produce
except against firm orders. It was made clear that
itisbetterto keep our finishing units idle and carry
out maintenance activities for better operations
than to make steel which ultimately was not sold.

| impressed upon my colleagues that while it was
the job ofthe Central Marketing Organisation to
organize orders for us, we had to wake up to the
fact that the RSP had many unique products
whose customers were known and that we needed
to get them to understand that we were in a
position to fulfill their needs. This strategy of
organizing customer contact was put in place by
which their requirements of quality were
understood and met.

Simultaneously, all concerned were asked to
explore ways and means to meet customer
requirements in terms of quality, packaging, ana
chemistry, etc. Innovations were encouraged inall
units from sinter making to finishing units.

The health ofthe blast furnace, (specifically BF #
3) was invery bad shape. During November 2001
when pressure on production was very high, 1
decided for its Shell Repairs in banked condition
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andfixed atarget of21 days forthe same. Thiswas
for the first time in four decades that a major job
was finished before time. The employees were
askedto diagnose the cause ofthese breakdowns
and mal-operations and come out with their own
suggestions for preventing them. Surprisingly,
they came out with solutions, and even some
departments took oaths to not do anything that
will cause mal-operations.

To meet the challenges it was essential that there
was discipline throughout the organization. Also,
itwas essential that everyonejoins in. It was made
clear through disciplinary actions that those who
did not take the duties at the shop-floor seriously,
were not going to be tolerated. The background or
level of the person ceased to matter in cases of
breach in discipline. Several executives and non-
executives were proceeded against in a very
transparent and fair manner to set examples of our
seriousness to setthings right atthe steel plant.

Initial Results ofthe Turnaround Strategy
Gradually, the results started coming monthly
production and sales figures surpassed all earlier
levels in almost every area. Stocks were brought
down to a manageable level. Innovations enabled
smooth operation of production units even in the
worst monsoon. Hot strip mill took up rolling of
longer slabs for better customer satisfaction.
Packaging of HR coils, cold rolled products and
silicon steel reached a level that customers began
to acknowledge. Employees were able to
recognize the kind of potential that they and the
steel plant possessed, and began to speak of
targeting higher levels of performance. For the
firsttime many of the units likes sinter plant, steel
melting shop No. 2, hot strip mill and silicon mill
simultaneously performed at rated capacity
giving employees tremendous confidence. Other
departments also smashed their existing records
andbegan to look for further improvements.

What had been achieved was a “reduction in the
distance between the minds” of people and
elevation of spiritofworking to help each otherin
their respective departments which made the
initial results possible. Employees began to see
themselves as members of a family on a single

platform with a commonpurpose. This gave me a
great deal of confidence. In fact, the resistance
among the employees to work hard for results
seemed to be significantly less. They had tasted
success and felt a sense of accomplishment like
they never had before. This led to reaching targets
that were nearly 20% higher than before for the
financial years 2002-03 and 2003-04.

Engaging Large Groups for Securing the
Future

With the steep growth plans, the need was to
involve the entire collective in larger groups so
that the combined effort could be brought about
through synergy. So, we began what is probably
unprecedented in corporate history. Starting from
April 1, 2002, each Wednesday, | along with the
Executive Director (Works) interacted with 500
different employees of different levels belonging
to different departments at the Gopabandhu
Auditorium inside the plant premises. Popularly
known as Managing Director's weekly Mass
Contact Exercise, it is now being regularly held
since then, and perhaps constitutes the longest-
lasting large group intervention anywhere in the
world. Here again, | set the tone first by spelling
out the issues which impacted the “Survival and
Future of Rourkela Steel Plant”. We shared
information regarding the priorities,
achievements, performance against potential, and
what prevented us from doing better, etc. The
presentations on each topic was made by non-
executive employees from different shop-floors
who communicated in either Oriya or Hindi.
These were backed up by departmental level
discussion programmes called “Performance
Excellence Workshops” which focused on the
kind of performance expected from the
departments for RSP's growth In both kinds of
programmes the presentations were followed by
interaction sessions where the idea was to enable
individual employees to come out with their
action plan as to what they would like to do
individually and as members of their department
forachieving the steep targets.

As would be expected, the interaction
programmes began with the question of low
earnings in some units due to low production



which was not always the fault of the workmen.
People also complained of lack of resources and
lack ofplanning etc. | took it as an opportunity to
tell people that we had to address customer needs.
For example, unless the pipe plant collective
produced shorter lengths there would be less
orders. Similarly, | told the employees that
ensuring proper maintenance was the
responsibility ofthe department's employees, and
the maintenance was also under the same head of
department. Ifthey did not sort out the things the
situation would not improve. While answering
and responding to suggestions ofthe employees |
made it amply clear that we should better stop the
production if there is any risk to the safety of our
employees ,or, ifthe health ofthe equipmentis not
up to the mark. | also emphasized that all
employees would have to report in time and stay
till the end of the shift so that we got continuous
production and output.

The Samsakar movement

| had to keep the pressure and had no hesitation in
telling people that we were still far from achieving
our potential. | pointed out that we were losing
quite substantially on account of delay shift-start
and on account of leaving work before shift end. |
also informed people about the kind of losses
incurred due to wild cat work stoppages which
were due to people with interests not in line with
the interest of RSP. | called upon the employees
to the choice was either to work hard and survive
or perish. Most importantly, 1 told the employees
that itwas up to us as to what our future was going
to be.

| introduced a movement called “SAMSKAR?,
which later came to be recognized as the Vision
of SP. It emphasised that “We have to create and
sustain a peaceful work environment where every
employee can contribute to the plant in assigned
area of work with full freedom and dignity and
without fear”.

The employees also wholeheartedly adopted
OUR MIS SION which stated - “The future ofour
Steel Plant lies in our own hands. It is our
collective responsibility to rebuild our Plant into a
profitable, harmonious and vibrant organization.
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We will do whatever things are necessary which
are good for our Plant. We shall never do anything
thathurts our Plant.”

Collective Courage

The process of change that was evolving so
uniquely at the RSP was the one that focussed on
accepting the primacy of the RSP. During the
mass contact exercise it was made clear that we
are sitting together to discuss the future of RSP
which in reality was the future of the employees
and their family members. Responding to a
workman who had justified a work stoppage
orchestrated by some unruly contract labourers
and spoke with disrespect to the dreams and
aspirations of the RSP collective, | had
spontaneously said, “People like you who do not
want to work for the future of RSP are not wanted
here, and you can go.” All employees present
acceptedthatthis was whatwe all wanted.

Several employees in fact that they did not want
indiscipline in the plant and wanted the harshest
action against culprits who spread indiscipline. In
fact, we got our young executives who were
unbiased, to examine various aspects of our
working discipline, late coming and early going,
house-keeping and welfare facilities, etc. Based
on their reports which evolved on the basis of
extensive interaction with shop- floor employees,
aprocess of reforms was put in place in line with
our samskar.

New Systems for the working ofthe Steel Plant
Standard operating practices were put in place for
dealing with cases ofindiscipline. We came down
very heavily on each case of indiscipline by
employees, irrespective of their rank or non-
executives sending out a clear message that those
who did not respect RSP were not going to be
tolerated. Exemplary punishment orders were
passed to convey this point. The distinction
between workers and officers was removed.
While the transfer of officers for improving
working was routine, for the first time, workers
were transferred to other departments when
required. The redeployment of employees was
made to meet the work needs, and not to satisfy
the pressure groups or meet personal preferences.
Direct reporting system was introduced to get rid



84

of the wasteful practice of reporting through
zonal Time Offices, and also to give dignity to the
employees who signed 'in" and 'out" in attendance
registers at their respective workplaces. A new
system of gate pass identity cards for contract
labourers and other visitors was introduced. The
plant refused to issue gate pass to those who have
criminal background. The purpose was to protect
the sanctity and security of the steel plant and its
employees. Check offsystem for membership of
unions was made open to all trade unions so that
employees got the freedom of choice in union
affiliation.

Safety standards were overhauled and reset,
keeping in mind the “safety First of Employees”,
and the employees without basic protective
equipment were routinely turned back from work.
Two-wheeler drivers without helmets were not
allowed entry. Departments were encouraged to
organise campaigns like safety, environment with
melas involving large groups and also rewards
were given every month to the departmental
collectives for achievements like zero accident,
zero absenteeism, 100% production performance
etc.

Results for Financial Year 2004 - 05

The plant continued to perform at high volumes.
What was significant was that the plant not only
produced more than 1.50 MT of saleable steel but
also dispatched identical quantity to the market
for a record third year in a row, thus establishing
the acceptability of RSP's products among the
customers.

An important feature ofthe plant's success was the
operation of many ofthe production units at more
than 100% capacity under-utilization for months
together overcoming the problem of capacity
utilization since the inception. Besides, RSP
improved significantly in its techno-economic
parameters with unprecedented improvements in
various items like consumption, consumption of
energy, water, stores and spares etc., per tonne of
crude steel, besides a phenomenal improvement
inthe lining life ofconverters inboth SMS - land
SMS - Il which brought down the cost of
production, thus the profitability.

With this performance, the plant, which had
posted net profit from January 2004, was able to
move into net profit made for every quarter ofthe
financial year 2004 - 05, and ended the year with
anincredible netprofit ofRs 1045 crores. This net
profit was not only the highest ever in the plant's
history, but was also much higher than the sum
total of profit earned during all the earlier years.
Thus, the Rourkela Steel Plant had come up from
a level of Rs. 3 crores loss per day to a level of
Rs.3 crores profit per a day, aremarkable recovery
achieved in exactly 3 years. A very important
aspect of this performance was the restoration of
confidence in the employees, encourage their
ability to break away from the shackles offear and
low performance, and promotions belief that
there was no limit to their abilities once they start
working together like the members ofa family.

Achieving a Sense of Freedom

Today, the Rourkela Steel Plant is a transformed
place. It boasts of record profits in excess of Rs.
10000 crore per year. But the real achievement is
perhaps elsewhere. In the confidence employees,
categorized as follows:

» The uncertainties of the future become a
thing ofthe past.

e The ignominy of belonging to a loss-
making plant with no future had been
replaced by pride.

» The fear of disruptive elements who held
the future to ransom had disappeared.

» Lack ofconfidence which had become the
mindset of the employees changed into
enthusiasm, to work.

» The identity of Rourkela Steel Plant and
the respect it had started receiving
generated a sense of pride in the
employees

» Interference from outsiders, politicians or
bureaucrats, was notthere.

o Establishment of a sense of dignity in
working as equals in the progress and
prosperity ofthe steel plant

» Afeelingamong employees that Rourkela
Steel Plant is one big family where
employees are employees and not
executives or non-executives

* Most importantly, with the kind of



transformation that had taken place
against all odds, there was a feeling that
Rourkela Steel Plant had built inner
strengths for securing its future.

Making Rourkela a Steel City

It began with my reinforcing the annual
Vanamahatsov which involved our school
children, followed soon by revival of rose &
chrysanthemum show, boating facilities & toy
train inthe Indira Gandhi park, making the annual
horticulture & flower shows more popular.
Somewhere along the line, as the steel plant
marched ahead on a path of prosperity, the
residents of Rourkela known as *“Steel City”, but
by 2001, labeled as a “Dead City”, started
dreaming ofrenovating the town and rejuvenating
life and living.

As a starter, with a view to fighting the menace
posed by Plastic Bags, we launched one ofthe first
campaigns in the State in the year 2003 which was
truly unique, when nearly 14000 participants
belonging to schools, colleges besides citizens,
socio-cultural organizations and employees of
RSP formed a human chain stretching more than
eight kilometers to create awareness and
discouraging the use of plastic and polythene
bags. We then banned the use of polythene and
plastic bags in all our establishments. The entire
city was given a massive facelift, roads given
fresh carpeting, and drains rebuilt, Chowks were
made wider in many places, all walls cleansed of
all graffiti, etc. Playgrounds and facilities for
games and sports were revamped, attracting the
sports-loving school and college students to these
locations with new enthusiasm.

Rourkela then pioneered ““City Architecture in
Steel” by building monuments in welded and
painted steel to reinforce the commitment of the
Steel Plant to various social purposes and to the
vision for the future. Some examples are: Water
for Life at the water supply department, Ring of
Well Being at the Ispat general hospital, steel for
Harmony dedicated to the citizens of Rourkela at
the Birsa Munda Chowk, Steel for Safety at the
traffic chowk, Steel for Prosperity inaugurated by
His Excellency the then President of India, Guru-
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Shishya Sampradaya in Ispat English medium
school, etc. All these were conceived, designed,
fabricated and installed from RSP's own steel by
its own employees. This truly represents the
creativity and enthusiasm of the RSP collective
who wanted to fulfill their dream of a new
prosperous Rourkela.

Amongst many new civic infrastructures built in
Rourkela during 2003-05, the notable ones are: an
Astro-Turf stadium for hockey, a Musical
Fountain, an Open Air Theatre suitable for an
audience of 20,000 people, an 800-seat
Auditorium. Many other existing infrastructures
which were in poor shape were completely
revamped, such as the Gopabandhu library, the
civic centre, the Adarsha Pathagar. The Ispat
general hospital, the second largest hospital in
Orissa, with more than 700 beds, was similarly
revamped. In fact, visitors coming from outside
acknowledged the change at Rourkela, the
cleanliness and the greenery that were visible and
the fact that from the 2004, it was cleanest and
greenest city in Orissa. RSP has a dedicated
Public Health Department, apart from Town
Engineering and Town Services Departments, to
cater to the sanitation and beautification needs of
the township. The Steel plant developed an
effective system for collection ofbio-degradable,
non-biodegradable and inert wastes. These wastes
were disposed off in a systematic and planned
manner. The steel plant was also pursuing a
continual mission to spread the canopy ofgreenin
the steel township as well the adjoining areas. It
has planted more than 40,34,000 trees since
inception. Inthe last fiscal alone the steel plant has
planted around 39,000 trees. RSP has been
involving citizens from all walks of life,
community neighbours as well as school children
in its sustained afforestation campaign. Its efforts
have resulted in enhancing the ambience of the
steel city and making it a nature lover's delight. It
won the “Indira Priyadarshini Brukshamitra
Puraskar”, from the Ministry of Environment and
Forests, in 2005. The same year, it also received
the Golden Peacock Award from the World
Environment Foundation.

Rourkela Industrial Township managed by
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Rourkela Steel Plant had been ranked 14t in
sanitation and cleanliness, for the year 2009-10,
as per astudy conducted by the Ministry ofUrban
Development, Government of India. It is
noteworthy that no other industrial city in the
SAIL family or any city in a has come anywhere
close to Rourkela Industrial Township. The
study, which ranks 423 Indian cities, was
conducted jointly by AC Nielsen, Development
and Research Services and the Centre for
EnvironmentPlanning Technology

A Cultural Renaissance

As Chairman of the Bhanja Cultural Trust in
Rourkela, which is one ofthe eminent institutions
in the eastern part ofthe country, | had an insight
into the potential for developing cultural activities
at Rourkela. While launching the effort by
organizing the famous Oriya Festival “Kumar
Pumima” in October 2002, which was a grand
success. | gave the idea ofa Cultural Calendar by
virtue of which major festivals of the region and
the country would be celebrated by the Steel Plant
with the participation of all the ethnic groups of
Rourkela. Today, the celebration of cultural events
covers Utkal Divas, Baisakhi, Kumar Pumima,
Dola Utsav, Makar Utsav, Raja Sankranti,
Rabindra Jayanti and many others. These
occasions provide the residents of the Steel City
with a wide spectra of Indian culture, classical
music and dance giving them a taste of our rich
heritage. RSP is also encouraging the Vedvyas
Sangeet Nrutyotsav which is held from 1¢to 5*
November every year. This event brings artists of
national and international fame to Rourkela
covering every form of dance and music, and has
come to be a major event which the residents look
forwardto everyyear.

Leading in Corporate Social Responsibility
(CSR)

Rourkela Steel Plant started some developmental
activities in its peripheral villages in the 1970s.
Activities like building roads, bore wells and
providing some health care activities used to be
carried out, which were managed by a section of
Town services department of RSP. The funds for
these activities were allocated by SAIL under
peripheral development.

During 2003, we decided to intensify its
corporate social responsibility programs. A
separate department was created to manage the
programs and projects. In order to create a road
pap for the implementation of CSR activities,
RSP engaged an expert agency named society for
rural Industrialization (SRI) based at Ranchi.
After carrying out detailed survey and study of
the peripheral area and the people residing there,
SRI submitted a report called shankhadawani,
which provided the direction for implementation
ofvarious developmental projects and programs.
One of the primary suggestions in
shankhadhwani was to set up an institute which
could be the center for planning, designing and
implementation of RSP's CSR programs and
projects.

With the objective of institutionalizing the
activities related to CSR by RSP, the Institute for
Peripheral Development (IPD) was formed. An
MOU was entered into with BAIF Development
Research Foundation, Pune, to ensure continual
professional inputs. The IPD is the nerve centre
ofRSP'sdrive on CSR.
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Introduction

Our inspiration for flight derives of course from
nature. Satish Dhawan (1) has written a
marvellous monograph for Sadhana that
described the aerodynamics and mechanics of
bird flight (Figure 1). The wings of a bird are
designed to do everything that an aeronautical
engineer dreams of. They provide active control
ofanunstable configuration and generate both lift
and thrust. Appropriately, our first intimations of
the role materials play in flight also emerge from
the myth of wings that Daedalus fashioned for
Icarus of feather held together by wax. He warned
Icarus notto fly too close to the sun or else the wax
would melt or too close to the water or else
moisture would make the wings too heavy. Icarus,
in his youthful exuberance, flewtoo high.

When onceyou have tastedflight, you willforever
walk the earth with your eyes turnedskyward,for
there you have been, and there you will always
long to return.

Figure 1: Wing configurations in bird flight (1)

The feather is a beautiful interlocking structure
made up of a protein called keratin (Figure 2a).
This structure is flexible and strong enough to
achieve optimum configurations during flight and
withstand aerodynamic loads but is also
multifunctional: feathers are water repellent,
ultraviolet resistant, provide thermal insulation
and are regenerative. When the Wright brothers
first flew in Kitty Hawk in 1903, they however
used an airframe made of wooden struts and a
muslin skin held together by steel wire braces, and
a 12 horsepower, 4-cylinder, gasoline for engine.
That first powered flight lasted 12 seconds. Wood
itself is an extraordinary material and, as with
many natural materials, it is constituted by a
hierarchy of structures (Figure 2b): a bundle of
straws made from cellulose, lignin and water with
cell walls containing a nanostructure of cellulose
fibrils that determine its strength. Wood is of
course multifunctional, and its structure provides
pathways and mechanisms for regeneration.

Airframe

The transition from wood to metal occurred with
the flight of a monoplane made of an
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Figure 2: (a) Feathers (3) and
(b) deforming wood (2)
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The transition from wood to metal occurred with
the flight ofa monoplane made ofan iron frame in
1915, designed by Junkers in Germany. This was
the only such plane ever built. By 1917, Junkers
had transitioned to aluminium airframes. His use
of Duralumin marked the advent of precipitation-
hardened alloys. This first application of
nanostructured metal therefore preceded
Feynman's famous talk by almost four decades.

The limiting factor in the use of materials for
airframes is the frictional heating that is
associated with the velocity offlight. It is this that
provides an upper limit to the use of materials in
airframes, as shownin Figure 3.
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Figure 3: Airframe materials capability (3)



Carbon fiber-polymer matrix composites today
provide the most effective option for flight in
terms of specific strength, modulus and fatigue
resistance in the low supersonic regime, and the
structural efficiency ofthe airframe has increased
significantly with the application of these
composites to both military and civil aircraft over
the last decade. Our light combat aircraft uses
43% by weight of composites (including in
primary structures suchasthe fuselage and wings)
through manufacturing processes developed at
the National Aerospace Laboratory in Bangalore
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and implemented in production at the Hindustan
Aeronautics Limited (Figure 4). Cocuring and
cobonding supporting struts with the composite
skin improves the efficiency of the
manufacturing process while saving weight of
metal joints. While carbon fibre prepregs for
manufacture are currently obtained from
Europe, the DRDO has funded the development
of the carbon fibre process at the National
Aerospace Laboratory. This effort over the last
decade has now stabilised into a technology that
is ready for production.

Figure 4 : The use of composites in modern aircraft (4 )and the LCA composite fuselage.
The lower pictures show the NAL carbon fibre and the facility (courtesy NAL)

The use of composites in airframes opens the
doors for the introduction of multifunctionality.
The demands on airframe shape for low-velocity
subsonic flight and supersonic flight are
conflicting. The long slenderwings that reduce lift
induced drag in the low-velocity regime must be
replaced by swept back forms that minimise

supersonic wave drag, frictional drag and various
geometry-based drag effects at higher velocities.
Avariety ofwing shapes such as the oblique wing
and the flying or blended wing represent various
approaches to this basic issue, and will culminate
in the development of adaptive wings that
continuously change shape or morph in flight, as
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do the bird's wings, in response to varying
aerodynamic demands. This intensely
multidisciplinary topic, involving aerodynamics,
control, and sensor and actuator design, will
demand a range of sensor and actuator materials
(Table 1) Multifunctionality will include the
ability to monitor damage and induce the release
of healing fast-curing resin. The Aeronautical
Development Agency's DISMAS program has

developed initial engineering concepts for such
applications (Figure 5). Multifunctionality will
also play a key role in the development of
microair vehicles (6). The integration, at various
levels, of power sources and sensor with airframe
is one ofthe key objectives of programs that have
been initiated by the Aeronautics Research and
Development board and the Aeronautical
Development EstablishmentofDRDO.

Strain (%) Stress (Mpa) Energy Actuation Speed
density(j/g)

Dielectric 215 7.2 3.4 medium
Elastomers
Piezoelectric 0.2-1.7 110-131 0.013-0.13 fast
Materials
Shape memory >5 >200 >15 slow
Alloys
Magnetorestrictive 0.2 70 0.007 fast
Materials
Conducting 10 450 23 slow
Polymers
The Human Muscle >40 0.35 0.1 fast

Table 1: Some common actuation materials (5).
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Figure 5 : A Multi-transmitter-Multi-receiver Array with Lamb Wave Tomography
Reconstruction developed under ADA's DISMAS programme for damage detection
in composites (CNDE and 11T, Madras), courtesy ADA.

As the velocity offlight increases, aluminium and
the polymer matrix composites must be replaced
by titanium. The SR 71, the extraordinary high-
speed reconnaissance plane that emerged out of
Lockheed's famous Skunk Works in 1966, had a
frame built completely of a beta titanium alloy.

The than Blackbird flew at altitudes greater,
70000 feet at velocities approaching Mach 3, well
out ofthe range ofthe surface to air missiles ofthe
day, and has now been retired from service. At still
higher velocities and in applications requiring
reentry, the primary metal structure of the



airframe will have to be protected by thermal
protection structures and leading edged of such
airframes will use composites of SiC (Figure 6).
The manufacturing process for C-C composites
for the rentry nose cone of the Agni was
developed at the laboratories of DRDO’s missile
complex a long time back. The process was
extended to manufacture of C-SiC composites for
jet vanes using the reaction-bonded process at the
Defence Metallurgical Research Laboratory.
However, long term applications require the use
of the SiC-SiC carbide composites that are far
more oxidation resistant than C fibre based
composites. A multi-laboratory program
involving laboratories of the DRDO (DMRL,

GTRE, DMSRDE), NAL and PSG College of
Technology, Coimbatore has developed various
aspects ofthe manufacturing process for SiC/ SiC
composites (Figure 6). The process for the
synthesis polymeric precursor, polycarbosilane,
for spinning SiC fibre has been developed at
DMSRDE, and the first runs of spinning
experiments were realised at NAL. The CVI
process for SiC infiltration has been engineered
and optimised at NAL, and aweaving process for
the brittle SiC fibre has been developed at the
PSG College of Technology. Alternative
infiltration processes are being explored at
DMRL.

WwWings Control Surfaces Cryogenic Tanks
Al/SiC, Al-Li/SiC Carbon/Carbon Al-2219, Al-Li (2090), CFRP
Primary Structures Propulsion Actively Cooled Structures

SPFDB Al & Ti Alloys, IMI 834, Ti-1100, DS&SC Superalloys Refractory C/C; Mo-Re heat pipes, FGM (SiC/SiC

CFRP, Titanium Matrix Composites

Metals, C/C, C/SiC, SiC/SiC

C/SiC), C/SiC heat exchanger

Figure 6 : Materials in hypersonic transport and SiC/SiC facility at NAL
with prototype shapes and structure (courtesy: Y. Mahajan and NAL)
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Propulsion

When Frank Whittle offered his concept of a jet
engine to Britain's air ministry in 1929, it was
turned down as impractical. He pursued his idea
with private funding. At the same time, Hans von
Ohain in Germany patented his concept of a jet
engine in 1934. His engine flew a Heinkel aircraft
in 1939, while a Whittle's engine powered a
Meteor aircraft in 1941. The improvements in the
efficiency and performance of jet engines have
since been spectacular as seen in Figure 7.
Materials have played a key role. The
thermodynamic efficiency of the Brayton cycle
that is associated with the gas turbine engine
depends on the maximum temperature attained in
the cycle, the turbine entry temperature, which is
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determined by the temperature capability of
materials. Combined with internal cooling and
thermal barrier coatings, the temperature
capability ofthe turbine blades today approaches
an incredible 1600C degree (Figure 8a, well
above the melting point of the nickel base alloys
that these blades are made of. The development of
cast Ni base alloys is a fascinating story. The key
discovery came in 1929 when Bedford and
Pilling, and simultaneously, Merica added Al and
Ti to Nichrome, the Whittle material used in the
Whittle turbine. It was only in 1940 that Bradley
and Taylor envisioned the existence of gamma
prime. Improvements in temperature capability
that occurred through several metallurgical
approaches: increasing the volume fraction of
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Figure 7: Improvement in thrust to weight ratio of military engines (courtesy GTRE).

gamma prime, solid solution strengthening with
refractory elements, the transition from a forged
product to a cast product, the introduction of

vacuum melting and the control of solidification
during investment casting to form of equiaxed,
columnar and single crystal structures.
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Figure 8: Internal cooling and thermal barrier coating permit higher turbine
entry temperatures. These exceed liquation temperatures of the alloys
as indicated by the phase diagram of the Ni-Al system in the background.

The complexity of the internal cooling passages
that allow the airfoils to operate with a gas
impingement temperature above their melting
point is shown in Figure 9. The improvements in
temperature capability that seen in Figure 8 are as
much due to the material capability as to the
development of the casting processes that allows
the capture of this complex detail with precise
dimensional accuracy. Further improvements in
temperature capability are realised through a
thermal barrier coating based on zirconia above

an oxidation resistant bond coat. The use of
thermal barrier coating for rotating parts under
high stresses was enabled by the electron beam
evaporation process that imparts the ability to
absorb thermal stresses through the formation ofa
columnar deposition structure.

The Defence Metallurgical Research Laboratory
has developed the investment casting processes
for integral rotors use in small engines and
equiaxed, directionally solidified and single



crystal airfoils, together with oxidation resistant
platinum aluminide coatings. Facilities for
production with this technology have been
created at HAL in Koraput, Orissa. Capability for
electron beam physical vapour deposition of
thermal barrier coatings has been installed at

ARCI in Hyderabad and process development
has been initiated. Alloys developed at DMRL
match or exceed the temperature capability of
current cast alloys (The alloys are indicated by
boxed nomenclatures in Figure 8).

Figure 9: The complexity of the internal cooling configuration imparted
by precisely positioned ceramic cores (courtesy DMRL)

Figure 8 also suggests that the improvement in
temperature capability of the cast nickel-base
alloys is beginning to saturate. However, the next
major improvement in the thermal efficiency of
the gas turbine will come from the elimination of
the requirement for internal cooling. The
ultrahigh temperature materials set that is being

explored toward this objective is based on
refractory metal intermetallics, the platinum
group metals, SiC/SiC composites or ceramic
oxides (Figure 10). Many of these materials will
find application in the structural components of
other air breathing engines such as scramjets for
hypersonic propulsion.
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Figure 10: The emerging ultra high temperature materials set (7)
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Figure 11: Titanium products together with process
maps and simulation of flow (courtesy DMRL)

The materials driven improvement in the turbine
entry temperature of the gas turbine has driven
consequent improvements in the temperature
capability of turbine discs and high temperature
titanium alloys of the compressor. Alloy
metallurgy and processes to manufacture
compressor disc, rings, airfoils and related
welding technologies have been demonstrated in
joint programmes between DMRL, Midhani,
HAL Foundry and Forge for an alloy equivalent
to IMI 834 (Figure 11). The development of
powder metallurgy processes that are used for
high temperature nickel base turbine discs have
beeninitiatedat DMRL.

While these improvements enable higher thrust,
several material and process improvements have
driven weight reduction of gas turbines. These
include polymer matrix composites for fan blades
and casing, integrally bladed discs of titanium
alloys (blisks), and integrally bladed titanium
matrix/C fibre composite discs (blings).As in the
nickel base alloy system, improvements in the
temperature capability of titanium alloys have
saturated as shown in Figure 12. The search for

titanium based intermetallics to replace the much
heavier nickel base alloys began with the work of
Me Andrews and Kessler in the 1950s. The
intervening decades have resulted inthe emergence
ofengineering alloys with 'reasonable plasticity’ as
summarised in Figure 13, which also illustrates the
relative merits of these alloys with respect

YEAR

Figure 12: A natural limit to the evolution of
high temperature titanium alloys set by the beta
transus and onset of Ti3Al precipitation with
alloying (courtesy DMRL)
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to the industry workhorse, the nickel base alloy
IN 718, and a high temperature titanium alloy.
The TiAl base alloys provide a significant specific
modulus advantage, while the orthorhombic
alloys provide enhanced specific strength at
higher ductility. Much of the work on
orthorhombic aluminide alloys was carried out at

DMRL. Itisonlyvery recently, after five decades
of intermittent effort, that the first titanium
intermetallic alloys based on gamma TiAl appear
to have found application in the low pressure
turbine ofthe GEnx engine forthe Boeing 787 (8).
Curiously, polymer matrix composites and

Burn Resistance

LMP for rupture at
650C at a specific
stress of 70 Mpa/p

Specific yield
stress at 650C,
Mpa/p

Specific Modulus at
650C, Mpa/p

Isothermal Oxi dation
in air at 650 C, mg/cm 2

Ductility at
Room

Temperature
% El

Specific Low Cycle
Fatigue Life, in cycles at
a plastic strain
amplitude of + .03%/P

Specific Stress Intensity, AK.po/p for
Fatigue Crack Growth at 3.10 -4

0 alloys

mm/cycle

V1A IN 718

Figure 13: Aradar diagram comparing properties ofthe titanium aluminides with theNi-base alloy, IN 718 and
a conventional titanium alloy, IM1 834.The LCF comparison is for IM1 834 at 600C, IN 718 and the
gamma TiAl alloy, Ti-46Al-2Nb at 650C, and an O alloy at 550C. The crack growth comparison is
for IMI 834 at 550C, and IN 718, the gamma TiAl alloy, Ti-47Al-2Cr and an O alloy at 650C. The
densities used in the normalization of data are 8.2 gm/cc for IN 718,5.5 gm/cc for the O alloys, 4.8
gm/cc for IM1 834 and 3.8 gm/cc for gamma TiAl alloys (courtesy; DMRL)



intermetallics have been implemented first in
commercial engines in a complete reversal ofpast
trends. The use of orthorhombic aluminides and
gamma TiAl in the high temperature compressor
of advanced military engines continue to be
explored (9).

The life or durability of materials is as important
as other aspects of performance, ranging from
several hundreds of hours for military engines to
several thousands of hours for commercial
engines. DMRL and GTRE have embarked on a
programme to combine materials behaviour and
continuum mechanics in sophisticated life
prediction tools that will in the future incorporate
online damage sensing as well.

Conclusion

We have traced a brief history of the materials
usage in flying machines, and have indicated our
capability in this area. We have also indicated our
future requirements. For airframes, we see a shift
in emphasis from materials that improve
structural efficiency through improvements in
specific properties to smart materials that will
enhance aerodynamic performance through
adaptable structures, and impart
multifunctionality, as well. In propulsion we
envisage the development of the next generation
ultrahigh temperature materials for uncooled gas
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turbines and other air breathing engines, together
with intelligent online damage assessment
capability. The scale of our efforts will be directly
dependent on the progress in our military air
vehicle and propulsion programmes for both
manned and unmanned vehicles in the coming
years.
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Introduction

Dynamics, i.e. the 'Science of motion', is
undoubtedly one ofthe most fundamental aspects
of all sciences and serves as the foundation for
most engineering and science disciplines.
Although the critical points are summarized in the
form of three laws of motion which look very
simple to even school students now-a-days, it
took abouttwo millenniato arrive atthe final level
that was marked by the publication of Newton's
'Principia’ about three centuries ago. The process
of conceptual evolution of the basic concepts of
‘Dynamics' is a wonderful story of adventure of
human intellect. Here only one aspect will be dealt
with namely the role played by 'geometry’ in the
discovery of'Dynamics'.

Presently, all Hre habituated in using various
mathematical tools like algebra and calculus in
handling dynamical problems; but most often it is
forgotten that the present approach is a relatively
recent development. Even Newton's work was
predominantly of geometrical nature. The first
step towards calculus-based mathematical
description of dynamics was taken by Jacob
Bernoulli. In his book 'Phoronomia’ one finds, for
the first time, the laws of motion in differential
forms in the year 1716. But the final formulation
of dynamics in more or less today's mathematical
language was done by Leonhard Euler in 1736.
This formulation made ‘dynamics' accessible to
all interested in science, and perhaps, led to
'Principia’ remaining aclosed book to most.

In this presentation it is intended to show how
geometry played a key role in the conceptual
evolution of the basic principles of dynamics and

our understanding ofthe universe. Till the time of
Rene Descartes there was no suitable approach to
represent motion of physical objects except
through geometry.

Geometry, by virtue ofits nature, appears to be the
most suitable means to represent distance,
displacement, rotation etc. This was also one of
the first branches of mathematics that was the
obvious choice of scientists and philosophers for
describing motion. Another point that has to be
kept in mind is that the progress in the
understanding of science of motion was very
closely linked with astronomy. This was so
because most of the observed motions on the
surface of the earth are complicated and difficult
to analyze without accurate time measuring
devices and a sound knowledge of dynamics. On
the contrary, the heavenly motions appeared more
uniform and understandable. They repeated year
after year offering good opportunity to make
systematic observations. Since the use of
geometry was so extensive in all scientific
activities it will be desirable to chose only those
applications of geometry which led to conceptual
evolution and developments in physical
understanding. Thus, many very innovative
applications of geometrical principles for
measurement purpose will be omitted. The whole
evolutionary process that led to the development
of the subject of 'Dynamics' is extremely
complex. To extract some clear ideas from this
complicated scenario the only option is to
concentrate upon the key concepts. Thus, apart
from presenting some early developments in
kinematics this article will take up the matters
related to the development ofthe concept of force
and action-at-a-distance, composition of motion



leading to the understanding of orbital motion and
universal gravitation and associated problems.
The origin of the fantastic realization that ‘force’
produces 'acceleration’, and not 'velocity' as was
thought earlier, will be also discussed.

As we all know it was Aristotle who first
systematically studied the subject and his
principles and ideas, though very wrong,
prevailed for almost two millennia! Of course,
philosophers started thinking about the earth and
the universe even much before Aristotle's time.
By the time Hellenistic astronomy reached some

From observations philosophers knew that when
starA rises in the eastern horizon and starB sets in
the western horizon then (at some other season)
when B rises in the east A will set. Thus, the
configuration would have been as shown in Fig.
la. If the earth's size were comparable to that of
the heavenly sphere, the configuration would
have been as shown in Fig. Ib, and, obviously, the
observation would have been then different so far
as the simultaneous rising and setting of stars A
and B was concerned. Philosophers found the
absolute symmetry of a circle very amazing and
ascribed maximum importance to this shape.
Since there was no concept of force as a cause of
motion all motions were thought to be the natural
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maturity the philosophers already found out that
the earth was spherical. They also determined the
size ofthe earth by the use of geometry and some
astronomical phenomena. A rudimentary model
of a geocentric universe gained the general
acceptance based on common observations. The
heavenly celestial dome used to be considered asa
sphere but by very intelligent observation and
thinking they concluded that the heavenly sphere
was much larger in size compared to that of the
terrestrial globe. The geometrical property that
led to this understanding is that a diameter divides
acircle into two equal parts (Fig. 1a).

tendency of objects to go to their natural places.
These motions were called 'natural motions'.
Motions contrary to that were called 'violent
motion'. As the stars and planets appeared to move
in circles uniformly, uniform circular motion was
considered as the natural motion ofthe material of
whichthe starswere made of (the 5thelement).

The first concept of manipulation of geometry to
match the observed 'kinematics' resulted from a
deviation from the expected uniform circular
motion. It was found that for describing the four
equal sectors of a whole year the sun takes
unequal times (Fig. 2a). Thiswas horrifying to the
philosophers.
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Figure 2 (a)

Uniform circular motion the sun was considered
to be a must; then how to explain the observation?
Hipparchus first brought the concept of
geometrical kinematics to save the situation. He
suggested that the sun is moving uniformly in a
circle, but the earth is slightly away from the
centre. Thus, the motion looks non-uniform from
the earth which is not at the centre (Fig. 2b). With
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It was suggested that a planet moves on an
epicycle with its centre at A as shown. Thepoints
rotates around the centre of a circle as shown in
Fig. 3. By suitable combination of the speeds the
retrograde motion of a planet could be also
explained. Furthermore, the varying distance ofP

Figure 2 (b)

further observations some other problems
confronted the philosophers so far as the uniform
circular motion was concerned. It was observed
that sometimes a planet moves in a retrograde
fashion. Their brightnesses were also noticed to
vary. Ptolemy and other contemporary
astronomers found a satisfactory solution to this
using geometry.

Figure 4

from E (the earth) could explain the varying
brightness of planets. As is known today this
transitory concept and celestial kinematics is
totally wrong but the clever use ofgeometry could
match the observations successfully. At a later
time astronomers could produce any observation



by adding epicycle after epicycle as shown in Fig.
4. Unfortunately, this apparent success of the
ancient astronomy only delayed the discovery of
the real character ofour solar system.

Much later Copernicus following the suggestions

Figure 5 (a)

An outer planet (say Mars) moves at a slower
speed than that ofthe earth. So an examination of
the four successive positions ofthe earth, E,, E2E}
and E 4, and the corresponding positions of the
Mars, Mit M2 M}and M 4  are considered, the
planet mars will appear to move backwards for a
short period in the background of the fixed stars.
This also explained the strange and unexplained
coincidence that retrograde motions take place
only when the planet is nearest to the earth and so

Figure 6 (a)

Copemican model he showed that all the lines of
nodes (Fig. 6a) intersect at the sun (Fig. 6b). This
gave rise to the concept of an interacting force
between the sun and the planets. Till then the
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of Aristarchus for a heliocentric model of the
universe did propose a heliocentric model as a
theoretical model. The preference for that model
was justified by the use of geometry. This model
could produce retrograde motion and variation of
planetbrightness very easily as indicated in Fig. 5a.
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Figure 5 (b)

appears brightest. This could not be explained by
the epicycle model. This model could also
geometrically prove why an inner planet (say
Venus) can never be away from the sun beyond a
maximum angular distance (Fig. 5b).

Using the accurate observational data recorded by
Tycho Brahe over a long period of time, his
assistant Johannes Kepler was able to determine
the orbital planes of the planets. Following a

Lines of nodes of the planets

Figure 6 (b)

motions of the planets were considered as natural
motions and sun had nothing to do with that. Kepler
first realized that sun must be the cause of the
motion ofthe planets. Though, he didnotrealize the
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true nature of the dynamics of orbits which are
composite motions but he became aware ofa crude
model of gravitation as an interacting mechanism
between bodies not in contact. In fact, this marks
the birth ofthe modem concept offorce.

The next major development was made by
Galileo. Using geometry he was the firstto show
the composite nature of projectile motion. This
was important as later Newton used this to
analyze orbital motions and completed the theory
of Universal Gravitation. Galileo also analyzed

Fig. 7 shows a circle of radius r and a particle
moving on it with a speed v. According to the first
law of motion already established by Rene
Descartes, the particle will move with a constant
speed valong the tangent AP ifitis freed from the
constraint to move in the circle at point A. So, if
the particle is free to move it will reach point B
afteratime tand atpoint C aftertime 21 However,
being constrained to move along the circle it
reaches point D instead of B after time t. It should
be noted that the whole analysis is being done in
the immediate vicinity of A. Hence the distance
AB, BC and the arcs AD and DE are extremely
small in comparison with the radius r.
Furthermore, DB and EC, in the limit, can be
considered to be linear extensions of the radial
lines OD and OE, respectively. (The figure is

uniformly accelerated motions and showed that
the distance covered increases as square of the
time elapsed. In modem mathematical form it is
equivalentto *=-a2 . The law of inertia of motion
(uniform rectilinear motion) was perfected by
Rene Descartes.

The most interesting application of geometry was
made by Huygens in analyzing the acceleration of
a point rotating along a circular path. It can be
realized that it is of paramount importance for
studying the orbital motion ofplanets.

exaggerated to explain the geometry). So vt«r.
Now BD isthe distance through which the particle
may be considered to have fallen to the centre
(because ofits circular motion) intime t. Now
BD- OB-r

=(r2+vV)1/2-r

2 1/2
=r 1+V2[ -r

N
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Similarly,

CE=0C-r
1/2
r2+(2v021 ~r

» é—r (2t)2

Thus, in the vicinity of A the particle is falling to
the centre O in amanner described by tp\s free fall

conditionwith a constantacceleration —
[

This is the first derivation of the expression for
centripetal acceleration. Huygens conducted
many experiments with the sling and the 'tug' on
the rope was found to be proportional to the
centripetal acceleration. Thus, the millennia old
riddle was solved and Huygens proposed the 2rd
law ofmotioninits rudimentary formF a a. Using
this along with Kepler's 3dlaw 1 saR3, where, 7is
the orbital period and R the radius of the planet's
orbit, the nature of gravitational force was found.

Itis easy to see thatthe orbital velocity v =-----
and, therefore, the acceleration towards the sun

a=Y2 _4NR2
R R
4k 2R

According to Huygens a a F. Hence force

towards the sunFa 5
But from Kepler's 3dlaw | 2a R\ Thus

4712R
a HZ
4kR
a
R:

F

or, Fa
Rz

In this way the inverse square characteristics of
gravitational force was discovered by Hooke,
Hailey and Wren. It was also realized by then that
the orbital motion is nothing but an inertial motion
combinedwith aconstant free fall (Fig. 8)
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Using this inverse square rule Newton
demonstrated that the same gravitation that pulls
an apple on earth's surface with an acceleration of
9.81m/s2 pulls the moon towards earth; but the
acceleration at moon's distance is 3600 times less
as moon's distance is 60 times the radius of the
earth.

The most predominant dynamical problem in the
medieval period was the motion ofthe planets and
establishing the empirical laws of Kepler through
dynamics. Newton's master stroke made it
possible. It is already seen how the 3rdlaw can be
explained by the inverse square law. Using
geometry Newton proved the 2rdand 14 law also.
Newton replaced the constant attraction ofthe sun
by a series of impulses at close intervals. Let a
planet at A move along a path AB and reaches B
after time t. If there is no force from the sun it
would have reached point c after another period of
time t making AB =Be. Butitreceives an impulse
towards O at the middle of the period It and that
changes its velocity (along BO) bringing it to
actually point C sothat cCis parallel to BO. Again
it would have continued in a straight line along
BC and could have reached point d after time t.
But an impulse along CO brings itto D so thatdD
is parallel to CO. Thus, in a time interval t it
reaches fromA to B, thento Cand finallyto D. As
AB =BC, area of AOAB=AOAB. Againas cCis
parallel to BO, the area of the triangle ABOc
=AABOC = tsABO. Similarly it can be shown
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that tsSAOB = ABOC=ACOD. This proves the
area law of Kepler known as the 2rdlaw that states
that a planet describes equal area in equal times
during its orbital motion. It should be noted that
the area law is valid for motion under any central
force.

Figure 9

The proof of the 14 law of Kepler, i.e. a planet
describes elliptic orbit with sun at one ofthe foci
using geometry, is far more involved and required
the genius of Newton to comprehenced.
Apparently, even he took a long time. As the final
example how the geometry played the vital role in
unraveling the mystery behind motion and inertia,
Newton's proofof 1tlaw is presented below.

The approach is to show that with an elliptic orbit
the centre ofattraction being at one ofthe foci the
force of attraction, i.e., acceleration towards the
centre of attraction, is inversely proportional to
the square of the distance. Let the orbit be the
ellipse shown in Fig. 10 with AB and KL as the
major and minor axes, respectively.

Figure 10

Let the sun be atF and the planet at P. It moves to
Y in an extremely small interval of time At. The
same planet when at positionp moves toy in the
same amount of time At. Hence by the 2rdlaw the
areaof AFPY= area of AFpy. Ifthere had been no
attraction the planet would have moved to pointX
from P (along the tangential path) in time At. But

due to the attraction along PF it falls to the
position Y where XY is parallel to PFQ. The
same argument is valid for the planet at positionp.
Thus, the distance fallen intime AtatP isXY and
that at p is xy. Using the properties of ellipse
Newton proved the following relation:
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W~ ABXPQXxYZ2
XIxKL2
When, At —=0,Y —P and X1 —»P Q. So far as an infinitesimally small interval oftime is concerned

XY -» XYZ2

KL1
Similarly at/? xy —»AB—X yz2
KL2
Thus, the ratio of the falling distances at P andp is givenby XY_ vz
Xy yz

Again, since the areas ofthe triangles FPY and Fpy are same —xFP xYZ =—xFpxyz

H ence,-)s-\f - Y22 %% and the distance of fall, that is proportional to the acceleration (or force

Xy yz
according to the Huygens' finding), is inversely proportional to the square of distance from the sun.

Conclusion acceleration. Huygens' work on centripetal

acceleration showed the equivalence between
The above proof is an excellent example of free fall under gravity and accelerated motion. It
geometry's application in dynamics. As seen from took more than two centuries for Einstein to start
the above discussion the limiting form of hisjourney for establishing his General Theory of

geometry was the way to handle a quantity like Relativity using this equivalence concept.
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Introduction

Bom to nearly illiterate parents on the wrong side
of the border, and starting my life from a refugee
camp, | rose to receive awards fromthree different
Prime Ministers! Here are a few glimpses of my
life story with the hope that it will inspire the
younger generation to challenge themselves at
every stage and convert adversity into advantage,
instead of cribbing about inadequacy of
resources, facilities and opportunities.

Creativity: APersonal Experience

As athree year old child, living in arefugee camp
in Hoshiarpur, Punjab, I overheard my father
thanking God. | asked him what he was thanking
God for when we did not even know where the
next meal would come from. He answered simply,
“Son, we are alive, isn't that sufficient?” That
ultimate bottom line has stayed with me all my
life. I realized that God gave us life and the rest is
in our hands; no excuses!

Luckily, the Government gave us some refugee
grant and the Sanatan Dharam Higher Secondary
School waived all tuition fees. Never mind if I had
to walk several kilometers daily to the school
without proper shoes. One day, during morning
prayers in the school, a guest lecturer told us that
as physical strength can be increased by means of
regular physical exercises, intelligence could be
increased by intellectual exercise; nobody is bom
intelligent. This appealed to me instantly. | started
challenging myself intellectually. Playing with
integers, | developed 'magic tables' to entertain
myself as well as my classmates. | turned
adversity into an advantage. | engaged myself
with mathematical challenges that made me excel
not only in mathematics but also everything

logical. In fact, my excelling in mental
mathematics was partly due to my father who
used to do most of his accounting mentally in his
vocation as utensil vendor.

Looking for logical patterns in algebraic
calculations was my hobby. This is how I
developed during the eighth standard what | later
came to know was called the binominal theorem.

At the end ofthe 7thgrade, during vacation time,
when challenged by my brother who would not let
me play, Itook up the 8thgrade Mathematics book,
taught myself from the text, and solved all
exercises in two weeks' time. This not only took
my brother off my back (he could no longer stop
me from playing), but also led to self-discovery. |
realized that | did not need a teacher. With the
resultant self-confidence, despite my spending
evening hours to play cricket for my school, I
secured 5thrank in the Punjab University in my
Higher Secondary examination. On hindsight |
realize that had | been coached | would never
have risento heights ofcreativity.

However, the future was bleak because my father
could notaffordto send me to college. Butthen, as
the saying goes, God helps those who help
themselves. The Government introduced the
‘Government of India Scholarship' for life for the
first ten rank holders of every university in the
country (In 1961 there were very few universities
in the country). So suddenly my higher education
rightup to PhD was taken care of.

| wanted to pursue my career in Mathematics and
Physics. However, | was persuaded to take up
Engineering for its lucre. | joined the Punjab



Engineering College, Chandigarh in Mechanical
Engineering, butmy mind was always in research.
During the summer vacation after 3id year, we
visited Bangalore on an educational tour of South
India. That was when | discovered the Indian
Institute of Science (11Sc) by chance. The whole
batch of students of Mechanical Engineering
went to Mysore by buses, but due to some mis-
communication, | was stranded in the 11Sc
campus. During those two days and nights, | went
around the library and the laboratories, and
realized that the Indian Institute of Science was
indeed the place | had been always looking for.
Fortunately, next year | got selected to do my ME
degree in the Department of Internal Combustion
Engineering without any formal interview or test.
During my stay at 11Sc, | developed a great
interestinvibrations as well as in mathematics.

In the 4thsemester, | was asked to work on analysis
and design of mufflers for the engine exhaust
noise control. However, acoustics or noise control
had not been taught in the class. In fact, it was not
a part of the curriculum those days. | had the
option to request for a change of the project.
However, | decided to take it up as a challenge. |
went to the library, selected a book on
'Fundamentals of Acoustics' and gave myself a
crash course in acoustics. | read the book by
Kinstler and Frey cover to cover and solved most
ofthe problems. Then I did a literature survey of
the journal papers available in the area of muffler
acoustics. | realized that very little had been done
on rational synthesis of exhaust mufflers. The
normal practice those days was one of trial and
error. | felt intuitively that | could do better than
that. Over the next three months, making use of
mathematical induction, electro-acoustic
analogies, and heuristics of matrix multiplication
(all self-taught), 1 developed an algebraic
algorithm by virtue of which | was able to write
the out the expression for Insertion Loss ofa given
linear dynamical filter, without having to write
and solve the governing equations
simultaneously. This algebraic algorithm was not
only a break-through for the analysis of one-
dimensional filters but also for the rational
synthesis of vibration isolators as well as exhaust
mufflers. Thiswas a. Had I not challenged myself,
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| would have ended up making, at best, a small
incremental contribution to the field. Instead, 1
developed a niche for myself. When | made a
presentation on my work in the Department
seminar, the only question | was asked, “How did
itall occur to you?” It was difficult to explain that
it was the result of my life-long affair with
mathematical induction; a habit of looking for
logical patterns in algebraic operations.

Owing to a unanimous recommendation of the
faculty of the Department, | was offered a
lecturership in the Department without any
interview. In fact, a supemumary postwas created
for me, waiving the requirement ofa Ph.D for the
lecturer's post. At this juncture, | was advised by
my friends and colleagues that | should go to
Europe or USA for Ph.D. Their argument was that
nobody atthe Department of Internal Combustion
Engineering has any credentials in dynamical
filters or acoustic filters and exhaust mufflers, and
that even if | got a Ph.D, it would have little
international recognition. My spontaneous
rejoinder was that MIT or Caltech had their
reputation because of their faculty and alumni,
and I would stay here, make the best ofthe meagre
resources the 11 Sc had to offer, and publish papers
in the best ofjournals. | would make my Institute
as well as research supervisors proud of me. By
God's grace and my sustained research work, I
succeeded substantially.

As a lecturer | was teaching the subject of
vibrations. | wanted to set up some basic
experiments for research as well as demonstration
forwhich. | requested the Chairman of the
Department for a grant of Rs. ten thousand. He
said that I had to wait for at least one year. Denial
of this grant disappointed me at first, but then |
challenged myselfto carry with on my analytical
research so that I would not need experimental
validation.

| learnt and made use of the theory of
combinatorics to establish the sufficiency of the
constraints for writing the VVelocity Ratio in terms
of valid combinations of the characteristic
impedances of the elements constituting a
dynamical filter, making use of an ingenious two-
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row array ofthe element subscripts. Based on the
analytical validation of my algorithm, | got my
PhD degree, and soon after | was awarded the
Science Academy Medal for Young Scientists in
Engineering Sciences for 1975.1receiveditat the
hands of Mrs. Indira Gandhi, the then Hon'ble
Prime Minister of India during the Science
Congress at Waltair in January 1976.
Unfortunately, the atmosphere of the Science
Congress was marred by the ttate of emergency
that had been declared in the country a few
months earlier.

During the next seven years, | worked on the
analysis of commercial mufflers, most of which
made use of perforated elements. This posed a
formidable challenge. In association with one of
my PhD students, | developed a distributed
parameter approach along with eigen analysis of
perforated element mufflers. Apaper based onthis
work was adjudged the best paper inthe world in
Muffler Acoustics by Nelson Industries in USA,
and we got the Nelson Acoustical Paper Award
(First Prize) in 1984. Based on this break-
through, |1 got two projects from the Volkswagen
Foundation, Germany, and published a few
papers thathave been cited widely.

| had my first sabbatical at the Institute for
Technical Acoustics, Technical University of
Berlin, during 1979-80, where | gave a course on
muffler acoustics in English. I did not know much
ofGerman and my audience were not proficientin
English. So, | used to prepare and hand over
Xerox copies ofthe course in English one week in
advance. These sets ofnotes became the first draft
ofamonograph. Thus, | converted a problem into
an opportunity. I improved the notes over the next
few years, and finally it was published by John
Wiley, New York, in 1987. This monograph has
remained till today the only book on this subject,
and has been cited in most ofthe papers that have
appeared in journals during the last 25 years.
(Incidentally, its second edition is under
preparation and may be published by John Wiley,
Chichester, UK in early 2014).

During my sabbatical stay in West Berlin in
association with Prof. Manfred Heckl, | worked
on the mechanisms of the railway noise

generation. In particular, | studied the rail-wheel
interaction and modeled the flexural vibration of
the rail as well as wheel, and investigated the
effect of the periodic sleepers underneath. An
interesting result ofthe study was that the sleepers
should not be placed at equal distances; exact
periodicity was responsible for harmonic
excitation of the rail resulting in excessive noise
in certain bands of frequencies and thence the
train speeds.

| received the 'Shanti Swarup Bhatnagar award in
Engineering Sciences' for the year 1986 at the
hands of Shri Rajiv Gandhi, the then Hon'ble
Prime Minister of India, and the Fellowship ofthe
Indian National Science Academy (1987), Indian
Academy of Sciences (1987) and the newly
established Indian National Academy of
Engineering (1987). Inaway, | became a Founder
Fellow of the INAE, although I was away at the
University of Calgary in Canada and Nelson
Industries in Wisconsin for my second sabbatical.
During my stay at the Nelson Industries, | worked
for the first time on active noise control ofthe air
handling units used in thermal power plants and
on the heating, ventilation and air conditioning
(HVAC) systems. Our studies revealed that in a
tuned ANC system, the secondary source (or
auxiliary source) and the primary source unload
each other. They present acoustical short-circuit
(zero acoustic impedance) to each other. In other
words, they are made to silence each other by
means of an adaptive digital infinite impulse
response (HR) filter working on the feedback
control or feed-forward approach.

In 1988,1was approached by the DRDO to work
on acoustic propagation across lined hulls. This
was an entirely new field, but then I took up the
challenge and eventually developed the
guidelines for design of the stealth linings for
submarines. There was an element of serendipity
here, but then, as they say, serendipity has never
happened to an un-initiated person. The graphical
user interface (GUI) as well as the codes for
analysis ofthese resonator linings were passed on
to the Indian navy. This and some other associated
pieces of research got me the coveted DRDO
Academic Excellence Award for the year 2009 at



the hands of Hon'ble Prime Minister of India, Dr.
Manmohan Singh.

My third sabbatical was at the Climate Control
Division of the Ford Motor Company in
Michigan. | worked in the challenging field of
vibro-acoustics ofhoses and bellows. The studies
revealed that apart from their role in vibration
isolation and the structure-borne sound, hoses and
bellows play an important role in the break-out
noise as well as in enhanced axial transmission
loss. Concurrently, | have been active in the
environmental noise control. | was the Chairman
of the National Committee for Noise Pollution
Control, which advises the Central Pollution
Control Board, the executive wing ofthe Ministry
of Environment and Forests. Since its inception
in 1998, based on this committee's
recommendations, the Ministry of Environment
and Forests has issued Gazette notifications for
the control of noise from diesel generators sets,
portable gensets, automobiles, fire crackers,
public address systems, etc. This work has been
recognized by the Government of Madhya
Pradesh by awarding the Pt. Jawaharlal Nehru
National Award in Engineering and Technology
forthe year 2010.

Subsequent to my formal superannuation in July,
2010,1have been retained as Honorary Professor.
During the last three years, | had the honour to
work as INAE Distinguished Professor. Since
August 2013,1have been INSA Senior Scientist.
Since 2010, | have been working and guiding
graduate students)in the analysis and design of
multiply-connected mufflers. These are used
extensively in automotive exhaust systems that
call for high wide-band insertion loss, particularly
at and around the firing frequency, and low back-
pressure. Multiply-connected mufflers satisfy
both the requirements, but pose formidable
challenge in modeling. An Integrated Transfer
Matrix (ITM) method has been developed and
validated for such muffler configurations. To
avoid the rather cumbersome computational fluid
dynamics (CFD) modeling, lumped flow-
resistance network model has been developed for
evaluation of the mean-flow back-pressure,
making use of the (nonlinear) electric circuit
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theory. Based on my sustained work in muffler
acoustics, | was invited to deliver a plenary
address at the 18th International Congress on
Sound and Vibration at Rio de Janeiro, Brazil.
During the inauguration ceremony, | was
bestowed with Honorary Fellowship of the
International Institute ofAcoustics and Vibration.

| have always worked on practical problems. It is
more challenging, yet it is more satisfying to an
engineering scientist. | have carried out more than
100 consultancy projects during the last four
decades, apart from helping the DRDO and the
defence forces. Working in the institutional
consultancy mode, I have been able to earn for (or
return to) the 11Sc a substantial part of my salary
or pension, apart from increasing my take home
salary or pension. Moreover, my students get the
opportunity to work on real-life problems.
Consequently, they are in high demand in the
industry. | must say, being myself an active
researcher, | have been able to attract some very
good students for PhD or M.Sc./ME whose
creativity has often surprised me.

Conclusion

Arising out of all these personal experiences,

there are a few suggestions that | would like to

make to the younger members ofthe scientific and

academic fraternity:

1. Beresourceful. The best of science was not
created by scientists with great resources. In
fact, | oftenturnedthe lack ofresources into a
challenge and the result was amazing. A
fellow scientist from USA once remarked,
“But then, you had the advantage of
adversity!”.

2. Everybodywantsto work at, or be associated
with, a world class Institute like Indian
Institute of Science. Well, 11Sc is what it is
today because of its outstanding faculty as
well as alumni. Why don't we aim at
excelling ourselves, so that the Institute's
name shines further. Letus rise to a level that
the Institute feels proud ofus.

3. Ifyou enjoy your work you will never feel
tired. | proved this to myselfagain and again
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inmy life. As per the science of Psychology,
aman can work 24 hours a day provided he is
not doing what he is obliged to do. Enjoy the
process of research; do not make it a job.
Work does notKill, stress does; and stress is a
state ofmind, an attitude.

Creativity increases as we think deeper and
deeper, and this depth can be achieved by
thinking about a problem undisturbed for
long hours at a stretch without coffee breaks.
Itwas this kind oflong, uninterrupted sittings
inthe library thatresulted in the development
of the path-breaking algebraic algorithm for
analysis of one dimensional acoustic filters
and vibration isolators at the start of my
career.

When you listen to a teacher in the class you
may notgrasp or retain everything. However,
if the teacher tells you to read yourselfwhat
he is going to teach the next day, you will be
alert in the class to clarify your doubts, and

when teacher touches upon those points you
will never forget the answers. This is what |
do in my classes. My student, incidentally,
discovers his potential, and is ready for
research by the time he finishes the course.

Often students complain about a particular
teacher being too harsh in marking.
However, | told myself in similar
circumstances that the teacher may deduct
more marks for a small mistake, butifl did
not make any mistake, what could he do?
This led me to strive for perfection, which
resulted in self- confidence, self- esteem and
creativity.

Inthe long run, clarity aboutbasic principles,
laws and concepts is more important than
cramming for the examinations. Concepts
remain with you for a long time and, during
spells of deep extended thinking, result in
creativity.
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Introduction

Robotics has made significant progress, since its
first deployment as an industrial robot more than
50 years ago. Robots are now a days being used
extensively in manufacturing, services,
healthcare/medical, defense, and space. They
have enhanced the safety of humans from
dangerous tasks, improved the productivity and
the quality of life. In the future, the robots are
poised to transform the human society in the same
way as the computers or internet did in the past.

The defense forces are primarily interested in
mobile robots or unmanned vehicles in air, land
and sea. The mobile robots or unmanned systems
have transformed warfare as evidenced by
thousands of them been deployed in Iraq,
Afghanistan and Pakistan, that have supported the
armed forces in targeting, disarming roadside
bombs, clearing land mines, surveying
intelligence collection etc. Unmanned systems
have also proved very effective in fast response to
catastrophic and unexpected incidents,including
natural or civil disasters like fires, floods and
earthquakes.

Evolution ofunmanned capabilities

An unmanned aerial vehicle (UAV) is an aircraft
that carries no human pilot or passengers. The
UAVs, sometimes called "drones”, can be fully
or partially autonomous, but are more often
controlled remotely by ahuman pilot. .Oflate, the
UAVs have become increasingly more
sophisticated, and the term UAV has been
changed to UAS, an acronym for Unmanned
Aircraft System, which amplifies the fact that
apart from being an aerial vehicle, this complex
system includes ground stations, satellite

connectivity, sometimes on-board weapons, and
other components.In the beginning, the UAVs
were introduced primarily to conduct surveillance
and reconnaissance missions, taking advantage of
their ability to loiter for long periods.The first
successful use of the UAV, in a war was
demonstrated by Israel during the 1982 Lebanon
war, when the UAV called 1Al Scoutproved to be
ofgreat utility in destroying all SAM sites, partly
through the use of Sampson decoys to get them to
reveal their presence, and partly through
reconnaissance information obtained by the Scout
UAVs.Another UAV which proved to be of great
utility during war was Pioneer UAV RQ-2A. One
ofthe RQ-2Aoperation during 1991 Gulfwarwas
assessing the damage caused by naval gunfire to
targets on Faylaka Island near Kuwait City,
whereseveral Iraqi soldiers signalled their
intention to surrender to the aircraft during a low
pass the first time enemy soldiers had ever
surrendered to an unmanned aerial vehicle. They
were later captured by the U.S. ground troops.The
next significant advancement of reconnaissance
and surveillance UAVs was Northrop Grumman
RQ-4 Global Hawk. The RQ-4 provides a broad
overview and systematic surveillance using high
resolution synthetic aperture radar (