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“Actions today mould our tomorrows”
- Indira Gandhi
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“.... The relative role of indigenous science & technology and foreign collaboration
can be highlighted through an analogy.
Indigenous science and technology plays the part of an engine in an aircraft,
while foreign collaboration can play the part of a booster.
$ERRVWHULQWKHIRUPRIIRUHLJQFROODERUDWLRQFDQJLYHDSODQHDQDVVLVWHGWDNHRৼ
EXWLWZLOOEHLQFDSDEOHRILQGHSHQGHQWÀLJKWXQOHVVLWLVSRZHUHGE\HQJLQHVRILWVRZQ
,I,QGLDQLQGXVWU\LVWRWDNHRৼDQGEHFDSDEOHRILQGHSHQGHQWÀLJKW
it must be powered by science & technology based in the country ...”

- Homi Jehangir Bhabha
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³7KHUHLVDWRWDOLW\DERXWPRGHUQLVDWLRQDQGLQRUGHUWRJDLQFRQ¿GHQFH
we must experiment with our resources even at the risk of failure.
There is a need for a constant interplay between basic sciences, technology,
industrial practice and management, if economic progress is to result
from the activity undertaken”

- Vikram Sarabhai
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Foreword

I am happy to share with you the Annual Report from

with passive systems under DAE-CEA collaboration

IGCAR for 2015. Our Centre continues to tread the

on JHR (Jules Horowitz Reactor) and a multiple fuel

path of excellence in the domain of R&D in the Fast

pin test facility, RABITS (Rupture And Ballooning In

Reactor and associated fuel cycle technologies.

TubeS) for testing the ballooning behaviour of clad

Fast Breeder Test Reactor is presently in the

tubes.

24th irradiation campaign, after replacing the control

It is heartening that reprocessing programme has

rods and their outer sheaths, with an increased

matured very well and we are able to conduct about

number of thoria blanket subassemblies undergoing

multiple campaigns every year at the CORAL. The

LUUDGLDWLRQ ,W JLYHV XV ORW RI FRQ¿GHQFH WKDW DOO

operating experience with CORAL has given good

the short and medium term recommendations of

insights into the design and commissioning of

SARCOP including post-Fukushima and seismic

Demonstration Fast Reactor Fuel Reprocessing Plant

UHWUR¿WV KDYH EHHQ LPSOHPHQWHG 3HULRGLF VDIHW\

(DFRP). Using advanced alkoxyacetamide reagents,

UHYLHZ RI .$0,1, IRU VHHNLQJ ¿YH\HDU H[WHQVLRQ

synthesized in house, partitioning of actinides from

of licensing is in progress. Prototype Fast Breeder

high active waste has been demonstrated. In addition,

5HDFWRULVLQ¿QDOVWDJHVRIFRPPLVVLRQLQJ:HDUH

the organo-functionalized inorganic and magnetic

working closely with BHAVINI towards early criticality

materials have been developed and demonstrated for

of PFBR. R&D towards improvements for FBR 1 and 2

magnetic assisted mutual separation of lanthanides

is in progress.

and actinides. Concurrently, progress in R&D of

A position paper on the need and rationale for metal
fuel test reactor has been submitted to DAE for
consideration. A conceptual core design for 100 MWt

pyro chemical reprocessing and setting up of High
7HPSHUDWXUH(OHFWURUH¿QLQJVHWXSLVJRLQJRQLQIXOO
swing.

Metal Fuel Test Reactor and that of two more oxide

Fast Reactor Fuel Cycle Facility (FRFCF), an

fuelled Commercial Breeder Reactors of 600 MWe is

important project for the success of Fast Reactor

being evolved, with improved economy and enhanced

programme in the Country, being constructed with

safety features. A number of experimental facilities

inputs from BARC and NFC. Construction of Training

have been established or commissioned during the

Centre, Administration Building, Central Surveillance,

year, notable amongst them being the 100 tonne multi

Safety & Health Physics building and other service

D[LVVKDNHWDEOH¿UVWRILWVNLQGLQRXUFRXQWU\5,6+,

buildings are progressing very well. All the required

(Research facility for Irradiation studies in Sodium at

actions have been initiated for the construction of

High temperature), an innovative out of pile test loop,

various plants of FRFCF in a planned manner and
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procurement of long delivery items.

aspects of mission programmes of the Centre.

We have made considerable progress in the domains

We are happy to share the summary of a few of the

of Electronics and Instrumentation. The international

achievements in the previous year in this report. We

DFFODLP IRU RXU HႇRUWV LQ WKH DUHD RI :LUHOHVV

have formulated a vision document to identify short-

Sensor Networks (technology transferred to ECIL for

term and long-term goals for the Centre. We look

broader reach), successful monitoring of plutonium

forward to achieving them and taking even greater

in air, a state-of-the-art 400 nodes, 9600 cores

strides in the coming year with your continued support

supercomputing cluster system with performance

and guidance.

UDWLQJ RI  WHUDÀRSV DQG SURJUHVV LQ 5 ' IRU
instrumentation of future FBRs, stand a testimony to
our abilities. Successful demonstration of the Online
Nuclear Emergency Response Decision Support
system (ONERS) along with weather prediction
system and environmental research in the areas
such as bioremediation for uranium recovery (fresh
and sea water) are some more feathers in the crown.

I would like to compliment the editorial team steered
by Dr. M. Sai Baba for bringing out this document with
an invigorating modern design even while keeping up
WKH WUDGLWLRQDO ÀDYRU , ZRXOG DOVR OLNH WR DSSUHFLDWH
colleagues from Resources Management Group,
Shri G. Pentaiah and Shri K. Varathan in particular
IRUWKHLUFRQWULEXWLRQVDQGHႇRUWVLQEULQJLQJRXWWKLV
report.

It gives me immense happiness that our Centre is
in the forefront in development of newer materials
development,

preparation,

characterization,

simulation, newer techniques for synthesis and

(Dr. S.A.V. Satya Murty)

methodologies for analysis in aiding the various

Director, IGCAR

Mission of IGCAR
«

7RFRQGXFWDEURDGEDVHGPXOWLGLVFLSOLQDU\SURJUDPPHRIVFLHQWLÀFUHVHDUFKDQGDGYDQFHG
HQJLQHHULQJGHYHORSPHQWGLUHFWHGWRZDUGVWKHHVWDEOLVKPHQWRIWKHWHFKQRORJ\RI6RGLXP
FRROHG)DVW%UHHGHU5HDFWRUV )%5 DQGDVVRFLDWHGIXHOF\FOHIDFLOLWLHVLQWKH&RXQWU\

©

7KHGHYHORSPHQWDQGDSSOLFDWLRQVRIQHZDQGLPSURYHGPDWHULDOVWHFKQLTXHVHTXLSPHQW
and systems for FBRs and

©

7RSXUVXHEDVLFUHVHDUFKWRDFKLHYHEUHDNWKURXJKVLQIDVWUHDFWRUWHFKQRORJ\

Vision
7REHD*OREDO/HDGHULQ6RGLXPFRROHG)DVW%UHHGHU5HDFWRU
DQGDVVRFLDWHG)XHO&\FOH7HFKQRORJLHVE\
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Editorial

I have great pleasure in presenting the Annual
Report of Indira Gandhi Centre for Atomic Research
for the year 2015 as the Chairman of the Editorial
Committee. Annual report of the Centre highlights the
VLJQL¿FDQW DFWLYLWLHV ZH KDYH XQGHUWDNHQ LQ WKH ODVW
one year. Even while bringing out the challenges in
R&D programmes, it nevertheless reveals the variety
and profundity of the programmes. It has been a
GHGLFDWHGHႇRUWLQYROYLQJFROOHFWLRQRIUHOHYDQWDUWLFOHV
DQGDUWLFXODWLQJWRWKHEHQH¿WRIDWHFKQLFDOUHDGHU,
am supported by a team of able editorial committee
PHPEHUV ZKRVH SDLQ VWDNLQJ HႇRUW KDV JRQH LQWR
bringing the report in the present form, after multiple
iterations of editing.

described in various articles. Fast Reactor Fuel Cycle
Facility, holds a great promise in facilitating closing of
the fuel cycle. Articles on the progress of construction
of this facility and the progress of supporting R&D
towards closing of the fuel cycle by the aqueous
and pyroprocessing route are described in
Chapter IV. Despite being a mission oriented Centre,
exciting research in basic sciences and engineering
are carried out towards achieving breakthroughs
and benchmarks in technology. Chapter V lists
VRPHVLJQL¿FDQWDUWLFOHVWRZDUGVWKHGHYHORSPHQWRI
newer materials, processes, property measurements
and simulation studies being undertaken in the
Centre. Articles in Chapter VI, highlights the major
Keeping in line with the mission and vision of the infrastructural and system developments in 2015.
Centre, the articles have been distributed in chapters &KDSWHU 9,, SURYLGHV D GLDU\ RI VLJQL¿FDQW HYHQWV
to highlight the achievements in each of the aspects, including seminars, workshops and eminent and
(viz.) FBTR, PFBR, R&D of FBRs, Fuel Cycle, Basic popular lectures/colloquia and also showcases our
achievements in the form of awards and honours.
Research and Infrastructure Facilities.
7KH ÀDJVKLS RI WKH &HQWUH )%75 KDV FRQWLQXHG The Editorial Committee sincerely thanks the authors
to operate successfully reaching newer milestones who have contributed interesting articles highlighting
LQ HႈFLHQF\ /RDGLQJ RI DGGLWLRQDO WKRULD EODQNHW the achievements.
Editorial
Committee
is
indebted
to
subassemblies, fabrication of U-Zr fuel slugs for The
Dr.
S.
A.
V.
Satya
Murty,
Director,
IGCAR
for
his
irradiation, safety review of KAMINI as a part of
UHWUR¿WWLQJ DQG WHVWLQJ RI QHZHU GHYLFHV OLNH ¿VVLRQ outstanding leadership, continuous guidance and
chambers are described in various articles in the emphasis on adherence to time schedules, which
chapter on FBTR. The commissioning of PFBR is at KDYHEHHQHႇHFWLYHLQEULQJLQJRXWWKLVUHSRUWLQWLPH
an advanced stage of completion. While our Centre and with quality. The committee is particularly thankful
has provided the R&D required, miscellaneous to Shri G. Pentaiah and Shri K. Varathan of Resources
activities including simulation and testing of devices Management Group, for their contributions towards
in sodium, design of shielded cask for fuel transport expediting the publication.
and functional testing of systems towards enhancing
safety carried out are described in Chapter II. In
Chapter III, the progress in R&D towards design
and development of core and components of future
breeder reactors including metal fuelled fast reactors
with emphasis on improved economics and safety, is

(M Sai Baba)
Chairman, Editorial Committee &
Associate Director,
Resources Management Group

CHAPTER I

Fast Breeder Test Reactor
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I.1

Loading of Thoria Blanket Subassemblies in FBTR

F

BTR core consists of 745 closely packed locations,
with fuel at the centre, surrounded by nickel
UHÀHFWRUV WKRULD EODQNHWV DQG VWHHO UHÀHFWRUV The
original full core of FBTR (65 subassemblies of MOX)
envisaged loading of 342 thoria subassemblies in the 9th
through 14thULQJV Currently, only the 9th ring of the core
KDVEHHQORDGHGZLWKWKRULDEODQNHWV,WLVSURSRVHGWR
progressively load thoria blankets in the 10th, 11th, 12th,
13th & 14thULQJV7KH\ZLOOUHPDLQLQSODFHWLOOWKHHQGRI
OLIHRIWKHUHDFWRUDVRULJLQDOO\HQYLVDJHG
Prior to starting 24th irradiation campaign, it is proposed
to load 126 thoria subassemblies in 10th and 11thULQJV
72 subassembly are proposed to be loaded at the end
of 24thLUUDGLDWLRQFDPSDLJQ
Each thoria subassembly consists of seven blanket
SLQVFRYHUHGE\DKH[DJRQDOVKHDWK )LJXUH (DFK
SLQFRQWDLQVDVWDFNRI¿IW\IRXUVLQWHUHGWKRULXPR[LGH
SHOOHWV  7KH\ DUH SODFHG LQVLGH D FODG WXEH PDGH RI
DXVWHQLWLFVWDLQOHVVVWHHO$,6,/$OOWKHVHYHQSLQV
DUHLGHQWLFDO7KHSLQVDUHIUHHWRH[SDQGD[LDOO\WRZDUGV
WKHWRS7KHGHWDLOVRIWKHSLQDUH
7RWDOOHQJWK GLDPHWHU PP
3HOOHWOHQJWK GLDPHWHU PP
Nuclear Fuel Complex, Hyderabad has fabricated all the
thoria subassemblies required for the 9th through 14th
ULQJVDVSHUWKHRULJLQDOUHTXLUHPHQW,QDGGLWLRQWRWKH
¿IW\IRXUVXEDVVHPEOLHVORDGHGLQWKHth ring in 1999,
which are undergoing irradiation, 15 numbers of thoria
subassemblies were loaded temporarily in the 15th and
16th ring locations before the start of the 23rd campaign
ZLWK6$5&23SHUPLVVLRQ IRUHYHQWXDOWUDQVIHUWRLQQHU
ORFDWLRQV SHQGLQJ D GHFLVLRQ RQ WKH ¿QDO GHVWLQDWLRQ
RIWKHWKRULDVXEDVVHPEO\7KHUHPDLQLQJIUHVKWKRULD
VXEDVVHPEOLHVFRQWLQXHWREHVWRUHGLQIUHVKIXHODUHD

Fig. 1 Thoria blanket subassembly

in the reactor till the end of life of FBTR and will be
removed and sent for reprocessing during unloading of
HQWLUHFRUHRI)%75
The dose on the maximum rated blanket subassembly
at the end of life in the reactor and after two years
FRROLQJ LV  5K FRPSDUHG WR  5K IRU D
0., IXHO subassembly, which has seen a burn-up of
*:GWDQGDIWHUWZR\HDUVFRROLQJ7KLVLQFOXGHV
the activity build-up due to 2328
Based on the above information safety authorities gave
approval for loading thoria subassemblies in 9th and 10th
rings prior to starting of 24thLUUDGLDWLRQFDPSDLJQ7KH
ORDGLQJRIWKRULDLQWKHVHULQJVKDVEHHQFRPSOHWHG

The residual life of FBTR is dictated by the dpa on grid
SODWH%DVHGRQWKHRSHUDWLQJKLVWRU\LWLVHVWLPDWHGWKDW
WKHFXUUHQWUHVLGXDOOLIHRI)%75LVHႇHFWLYHIXOOSRZHU
\HDUV,WLVHVWLPDWHGWKDWDIWHU\HDUVRILUUDGLDWLRQLQ
WKHFRUHLQWKHSUHVHQWFRUHFRQ¿JXUDWLRQWKHOLQHDUKHDW
rating in the thoria subassemblies in the 9th, 10th, 11th
and 12thULQJV )LJXUH ZRXOGEHDQG
:FPUHVSHFWLYHO\,WPD\EHQRWHGWKDWIRUWKHth ring
the linear heat rating is more as these subassemblies
KDYHEHHQLQWKHUHDFWRUVLQFH7KHOLQHDUKHDW
UDWLQJYDOXHVDUHOHVVWKDQWKHDOORZHGOLPLWRI:FP
The total power generated by the 252 subassemblies in
the 9th through 12thULQJVLVHVWLPDWHGWREHN:WDW
WKHHQGRIHႇHFWLYHIXOOSRZHU\HDUV
The thoria subassemblies loaded in FBTR will remain
2

Fig. 2 FBTR core
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I.2

Dimensional Changes in FBTR Fuel Pins
as a Function of Position within the Core

A

ustenitic stainless steel components in the core of a
IDVWUHDFWRUXQGHUJRVLJQL¿FDQWGLPHQVLRQDOFKDQJHV
and distortions due to irradiation induced swelling and
creep, limiting useful life of a fuel subassembly in the
UHDFWRU:KLOHGLODWLRQRIIXHOSLQVFDQOHDGWRFRRODQWÀRZ
reduction and local temperature increase, the dilation
DQGERZRIKH[FDQFDQUHVXOWLQIXHOKDQGOLQJGLႈFXOWLHV
Dimensional changes induced by swelling and creep are
a strong function of the displacement damage (dpa) and
WKH WHPSHUDWXUH RI LUUDGLDWLRQ 7KH W\SLFDO FODGPLGZDOO
temperature in FBTR ranges from ~410 qC at core bottom
to ~570 qC at the core top, while the displacement damage
LVGSDDWFRUHFHQWHUDQGD[LDOO\GURSVGRZQWRDERXW
 GSD DW HLWKHU HQG 9DOXDEOH LQVLJKWV RQ GLPHQVLRQDO
VWDELOLW\RI&:$,6,66FODGRI)%75KDYHEHHQ
obtained as a function of its position within the core through
H[WHQVLYHSRVWLUUDGLDWLRQPHDVXUHPHQWV

7KHGLODWLRQVWUDLQV LQFODGGLQJGHULYHGIURPSUR¿ORPHWU\
data has been compared with swelling strains calculated
from immersion density measurements to assess the
UHODWLYH FRQWULEXWLRQV RI VZHOOLQJ DQG FUHHS ,W LV VHHQ
that the swelling strains constitute almost 90% of the
total diametral strains in the 1st ring fuel pins, while for
the 3rd ring pins, the contribution of void swelling to the
total diametral strain is relatively less and the contribution
RIFUHHSLQGXFHGVWUDLQVLVVLJQL¿FDQWO\KLJKHU )LJXUH 
Higher creep strain in the 3rd ring pins is attributed to
severe fuel clad mechanical interaction on the account of
higher swelling of the carbide fuel operating at relatively
ORZHUOLQHDUKHDWUDWH OLQHDUKHDWUDWLQJa:FP DV
FRPSDUHGWRWKHKHDWUDWHRI:FPLQWKHstULQJ7KH

(a)

Fig. 2 Comparison of the fuel stack length increase with fuel
pin length increase

higher fuel clad mechanical interactions in the 3rd ring pins
is also seen to result in higher length increase in the fuel
SLQV,WLVZHOONQRZQWKDWWKHIXHOSLQOHQJWKLQFUHDVHLV
primarily caused by the void swelling of cladding integrated
RYHULWVOHQJWK+RZHYHUXQGHUVHYHUHIXHOFODGPHFKDQLFDO
interaction conditions, the axial swelling of fuel enhances
axial strains on the clad over and above the axial strain
GXHWRYRLGVZHOOLQJ7KLVLVHYLGHQWIURP)LJXUHZKLFK
reveals higher increase in the pin length corresponding
to higher fuel stack length increase in the data sets of
1st and 3rdULQJIXHOSLQVZLWKVLPLODUGLVSODFHPHQWGDPDJH
The number of fuel pins within the fuel subassembly,
having pin length increase ('/ H[FHHGLQJPP RYHUD
OHQJWKRIPP SURJUHVVLYHO\LQFUHDVHVIURPst ring

(b)

Fig. 1 Swelling and creep components of diametral strain of fuel pins in (a) 1st and (b) 3rd ring fuel pins of similar burn-up
and displacement damage

3
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towards the 3rdULQJSRVLWLRQV )LJXUH 7KLVYDOLGDWHV
WKHLQFUHDVLQJLQÀXHQFHRIIXHOFODGPHFKDQLFDOLQWHUDFWLRQ
to overall pin length increase as we move towards the
RXWHUULQJV
Besides increase in the diameter and length, localized
bending and ovalisation were also noticed in the fuel pins of
3rd ring possibly caused by the restraining forces of spacer
wire on axial cladding strains as well as the restraint and
LQWHUDFWLRQZLWKDGMDFHQWSLQV
,Q VXPPDU\ L  WKRXJK WKH GLDPHWUDO VWUDLQV LQ st and
3rd rings pins are more or less comparable, the relative
contributions of swelling and creep strains vary as a
function of core position and (ii) the increase in overall
fuel pin length as well as localized distortions are higher
in 3rd ring pins as compared to fuel pins of central location
or 1stULQJ7KHVHHႇHFWVDUHSULPDULO\GXHWRWKHVZHOOLQJ
RIFDUELGHIXHO

I.3

Constitutive Description of Flow Behaviour
of Post-irradiated 316 Austenitic Stainless Steel
at Low dpa

G

rid plate, which supports the entire core
subassemblies in FBTR was made up of
7\SH 66 RSHUDWHV DW . DQG H[SHULHQFHV D
FXPXODWLYHGRVHRIDIHZGLVSODFHPHQWVSHUDWRP GSD 
,QRUGHUWRDVVHVVWKH LUUDGLDWLRQLQGXFHG GHJUDGDWLRQ
RI JULG SODWH WHQVLOH SURSHUWLHV RI 7\SH  66 ZHUH
evaluated at 300 and 623 K for irradiation doses up to
GSD$WERWKWHPSHUDWXUHVV\VWHPDWLFLQFUHDVHLQ
the yield and ultimate tensile strengths, and decrease
LQ WKH GXFWLOLW\ ZLWK LQFUHDVLQJ GRVH ZHUH QRWLFHG
,Q DXVWHQLWLF VWDLQOHVV VWHHOV LUUDGLDWLRQ LQGXFHG
degradation in the mechanical properties results from
the evolution of defects such as Frank loops and
network dislocations, cavities and precipitation of new
SKDVHV +RZHYHU WKH GRPLQDQFH RI WKHVH LQGLYLGXDO
defects depends largely on the irradiation temperature
850

True stress V (MPa)

750
650

Type 316 SS
. 4 u 104 s1
H=

550
450
0 dpa
1.08 dpa
1.98 dpa
2.05 dpa
2.57 dpa
solid line: prediction

350

250

10-3

10-2

10-1

True plastic strain (Hp)

100

Fig. 1 True stress-true plastic strain obeying internalvariable approach at 623 K for different dose levels

4

Fig. 3 Number of pins with length increase greater than
5 mm as a function of position in core

DQGGRVH)URPQXPHURXVOLWHUDWXUHGDWDLWLVHYLGHQW
that the evolution of Frank loops and their variation with
dose play an important role in controlling degradation
LQ WKH JULG SODWH LUUDGLDWHG DW  . ,Q WKLV FRQWH[W LW
becomes necessary to identify the role of Frank loops
and their interaction with network dislocations during
SRVWLUUDGLDWHG GHIRUPDWLRQ LQ W\SH  66 ,Q RUGHU
to obtain better insight into the physical phenomena
controlling the deformation behaviour, detailed work
hardening analysis in the framework of internal-variable
DSSURDFKKDVEHHQSHUIRUPHG7KHGHVFULSWLRQRIZRUN
hardening also becomes essential for determining the
VWUHVVVWUDLQ ¿HOG GLVWULEXWLRQ IRU WKH DVVHVVPHQW RI
useful remaining life of reactor structural components
XVLQJ¿QLWHHOHPHQWDQDO\VLV
7KH GHVFULSWLRQ RI ÀRZ EHKDYLRXU RI WKH VWHHO LV
LQWHUUHODWHG WR WKH QHWZRUN GLVORFDWLRQ GHQVLW\ ȡN)
and irradiation induced defect (Frank loops) density
ȡlp  EDVHG RQ GLVSHUVHG EDUULHU KDUGHQLQJ PRGHO ,Q
WKH LQWHUQDOYDULDEOH PRGHO WKH ¿UVWRUGHU GLႇHUHQWLDO
equations for the evolution of network dislocation
GHQVLW\ ȡN) and irradiation induced defect (Frank loops)
GHQVLW\ ȡlp DUHFRXSOHGZLWKWKHHYROXWLRQRIÀRZVWUHVV
with plastic strain in order to predict the macroscopic
GHIRUPDWLRQ EHKDYLRXU RI WKH VWHHO DW  DQG  .
7KH GLႇHUHQWLDO HTXDWLRQV ZHUH QXPHULFDOO\ LQWHJUDWHG
and unknown constants in the equations were optimized
E\ LQWHULRUSRLQW DOJRULWKP 7KH PRGHO DSSURSULDWHO\

GHVFULEHVWKHSRVWLUUDGLDWHGW\SH66ÀRZEHKDYLRXU
DW DOO WKH FRQGLWLRQV$V DQ H[DPSOH WKH YDULDWLRQV LQ
true stress-true plastic strain data at 623 K as well as
WKH SUHGLFWHG GDWD IRU GLႇHUHQW LUUDGLDWHG FRQGLWLRQV
DUH SUHVHQWHG LQ )LJXUH  %DVHG RQ RSWLPL]DWLRQ
the observed irradiation induced defect annihilation
parameter (\ DW.H[KLELWVLQVLJQL¿FDQWO\ORZYDOXHV
which indicates the dominance of network annihilation
on strain softening rather than annihilation of Frank
ORRSVE\QHWZRUNGLVORFDWLRQV XQIDXOWLQJPHFKDQLVP 
6LJQL¿FDQWLQFUHDVHLQ\ found at 623 K suggested that
unfaulting mechanism during deformation is thermally
DFWLYDWHG )XUWKHU PDUJLQDO LQFUHDVH LQ \ value at
623 K with increasing irradiation dose indicates that
the strain softening due to annihilation of Frank loops
also depends on the initial irradiation induced defect
GHQVLW\7KHVHREVHUYDWLRQVFOHDUO\VXJJHVWHGWKDWWKH
increase in unfaulting of loops with dose dominates
DW  . 7KLV LV DOVR GLVFHUQLEOH LQ WKH YDULDWLRQV RI
predicted irradiation induced defect density (ȡlp) with
SODVWLFVWUDLQDWDQG.IRUGLႇHUHQWLUUDGLDWLRQ
GRVHV )LJXUH ,WFDQEHVHHQWKDWWKHGHIHFWGHQVLW\
remains constant at 300 K, whereas there is a rapid

I.4

Irradiation induced defect density Ulp (m2)
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Type 316 SS
. 4 u 104 s1
H=
1014

300 K
1.18 dpa
2.57 dpa

1013

1012
0.0

623 K
1.08 dpa
1.98 dpa
2.05 dpa
2.57 dpa
0.1

0.2

0.3

0.4

True plastic strain (Hp)

Fig. 2 Evolution of predicted irradiation induced defect
density with plastic strain at 300 and 623 K for
different irradiated conditions

GHFUHDVHLQGHIHFWGHQVLW\ZLWKSODVWLFVWUDLQDW.
This investigation also suggested that the possibility
of localised deformation due to annihilation of Frank
loops results in dislocation channeling at 623 K against
homogeneous deformation at 300 K in irradiated
W\SH66

Evolution of Dismantling Machines
for Irradiated Fuel Subassemblies:
from FBTR to PFBR

R

emote dismantling of irradiated fuel and
experimental subassemblies and extraction
of fuel bundle and pins are critical operations in
5DGLRPHWDOOXUJ\/DERUDWRU\KRWFHOOVIRUIDFLOLWDWLQJ
SRVWLUUDGLDWLRQ H[DPLQDWLRQ 3,(  DV ZHOO DV
GLVSDWFKRIIXHOSLQVWR&25$/IRUUHSURFHVVLQJ
The design and development of customized hot
cell equipment for dimensional measurements and
dismantling of fuel subassemblies have undergone
considerable evolution and improvements over the
\HDUV
The first generation system was a 4-axis
computerized numerical control (CNC) milling
PDFKLQH GHYHORSHG LQ WKH ¶V Figure   7KH
machine had a remotely changeable touch trigger
sensor module for dimensional measurements and
solid carbide slitting saw modules for longitudinal

Fig. 1 First CNC machine in hot cell 2
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OXEULFDWLRQV\VWHPHWFQHFHVVLWDWLQJUHSODFHPHQW
ZLWKDQHZPDFKLQH

Fig. 2 A view of dimensional measurement-cum-laser
dismantling machine in hot cell 1

and transverse cutting of hexagonal sheaths of
IXHOVXEDVVHPEOLHV )6$ ,WKDGDQHQGPLOOFXWWHU
module for preparation of tensile specimens from
WKH KH[DJRQDO VKHDWKV RI GLVPDQWOHG )6$V$&
servo motors with optical encoders were used in
WKH;<=VWDJHVDQGWRROVSLQGOHRIWKHPDFKLQH
'LPHQVLRQDO PHDVXUHPHQWV RI )6$ FRXOG EH
FDUULHGRXWZLWKDQDFFXUDF\RIȝP0HWURORJ\
LVHVVHQWLDOWRTXDQWLI\WKHGLVWRUWLRQVRI)6$VGXH
WRLUUDGLDWLRQVZHOOLQJDQGFUHHS
7KH PDFKLQH KDV VHUYHG DGPLUDEO\ IRU WKH 3,(
FDPSDLJQVRYHU\HDUV+RZHYHUWKHPDFKLQH
was quite large, heavy, and despite being designed
IRUPLQRUUHPRWHUHSDLUVUHSODFHPHQWVLWKDGQR
provision for replacement of large components like
;<DQG=VWDJHV5HPRWHUHSDLUVRIWKHPDFKLQH
EHFDPHLQFUHDVLQJO\GLႈFXOWGXHWRIDLOXUHRIRSWLFDO
encoders, obsolescence of electronic components
of motion control system, and mechanical problems
like failures of Z-stage drive bellow coupling,

Fig. 3 Reconstructed 3-D views of FSA, illustrating typical
hexagonal cross sections as well as head-to-foot
misalignment
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A highly compact and remotely operated 5-axis CNC
dimensional measurement-cum-laser dismantling
machine ('0/' ZDVVXEVHTXHQWO\GHYHORSHGDQG
commissioned in the operating hot cells for carrying
RXWSUR¿ORPHWU\DQGGLVPDQWOLQJRIVXEDVVHPEOLHV
)LJXUH 1G<$*ODVHUZDVDGRSWHGIRUFXWWLQJWKH
hexagonal sheath considering the advantages like
non-contact and coolant-free operation, absence of
cutting forces, reduction in kerf-width and absence
RIFKLSV
Redundancy was provided for cutting operation by
incorporating a motorized diamond wheel cutting
PRGXOH LQ WKH PDFKLQH %\ DGRSWLQJ ODVHU DQG
diamond wheel cutting techniques which require nil
or negligible cutting forces, the foot print and weight
RIWKHPDFKLQHFRXOGEHUHGXFHGVLJQL¿FDQWO\IURP
[PHWUHDQGNJIWR[PHWUHDQG
NJIUHVSHFWLYHO\$VSHFLDOKROGHUZLWKWRSRSHQ
design which facilitates innovative vertical loading
and rotation of subassembly during cutting was
GHVLJQHGDQGLWKDVIXQFWLRQHGZHOO(GG\FXUUHQW
based radiation resistant linear scales were used
IRU SRVLWLRQ VHQVLQJ  5HGXQGDQF\ ZDV SURYLGHG
by using stepper motors for X, Y and Z stages,
DVLWSURYLGHVDQDOWHUQDWHSRVLWLRQVHQVLQJLQSXW
+H[DJRQDO FURVV VHFWLRQV DQG RYHUDOO SUR¿OH RI
WKH)6$FRXOGEHUHFRQVWUXFWHGZLWKDQDFFXUDF\
RIȝP7KHPDFKLQHLVLQWHQGHGWRRSHUDWHLQ
environments with radiation dose levels of the order
of 104*\KRXU
,QWURGXFWLRQRIWKHQHZPDFKLQHLQWRWKHRSHUDWLQJ

Fig. 4 Remote tensile specimen machining system

FA S T B R E E D E R T E S T R E A C T O R
hot cell was done through the roof-plug-opening
after detailed preparatory works, mock-up trials
DQGVDIHW\FOHDUDQFHV7KHPDFKLQHZDVLQWHUIDFHG
with the laser system, power and control systems
installed in the operating area using cables laid
WKURXJK OHDNWLJKW ZDOOSHQHWUDWLRQV 7KH '0/'
system has been in use for visual examination,
SUR¿ORPHWU\DQGGLVPDQWOLQJRIVHYHUDOH[SHULPHQWDO
DQGKLJKEXUQXS)6$VVLQFH)LJXUHVKRZV
WKHUHFRQVWUXFWHG'YLHZRIDQ)6$
For machining sub-size tensile specimens from
the hexagonal sheath, a modular compact high
precision CNC 4-axis tensile specimen machining
V\VWHP ZDV GHYHORSHG 7KLV V\VWHP LV URXWLQHO\
being used to machine sub size tensile specimens
RYHUDOOOHQJWKPPJDXJHOHQJWKPPDQG
JDXJHZLGWKPP ZLWKDQDFFXUDF\RIȝP
)LJXUH 
The evolved design philosophy has been adopted in
WKHGHVLJQRIDQ)6$GLVPDQWOLQJPDFKLQHIRUKHDG
HQGIDFLOLW\ +() 7KLVLVFRPSDUDWLYHO\DODUJH&1&
6 axis machine, with a work WDEOHPHWUHORQJ
DQG PHWUH ZLGH GHVLJQHG IRU SUR¿ORPHWU\
DQG GLVPDQWOLQJ RI )%75 DQG 3)%5 )6$V ZLWK
KH[DJRQDOVKHDWKWKLFNQHVVXSWRPPXVLQJ
ODVHU FXWWLQJ WRUFK DV ZHOO DV PRWRUL]HG VOLWWLQJ
The machine has two X-carriages to support
PHWUHORQJ3)%5)6$ZHLJKLQJNJIGXULQJ
GLVPDQWOLQJ )LJXUH   7KLV PDFKLQH LV XQGHU

construction and its commissioning and use for
dismantling of PFBR fuel assemblies will serve as a
milestone in the evolutionary growth of customized
KRWFHOOHTXLSPHQW
,Q JHQHUDO WKHVH UHPRWHO\ RSHUDWHG KRW FHOO
PDFKLQHVDUHGHVLJQHGLQFRPSOLDQFHZLWK$670
& ³6WDQGDUG *XLGH IRU *HQHUDO 'HVLJQ
&RQVLGHUDWLRQVIRU+RW&HOO(TXLSPHQWFRPSRQHQWV´
They are of stainless steel construction with modular
IHDWXUHV &RPSRQHQWV DUH JLYHQ KLJKHU IDFWRU RI
safety to ensure structural stability of the equipment
during hostile hot cell operating situations like
DFFLGHQWDOIDOOVKLWVHWF7KHVL]HVDQGZHLJKWVRI
WKHPRGXOHVDUH¿QDOL]HGFRQVLGHULQJWKHFDSDFLWLHV
of in-cell material handling devices and the hot
FHOOPDWHULDOWUDQVIHUSRUWV7KHGHVLJQDQWLFLSDWHV
that each component needs at least one repair in
WKHOLIHWLPHRIWKHHTXLSPHQW7KHPRGXOHVDUH
incorporated with features like inter-changeability
RI FRPSRQHQWV VHOI DOLJQPHQW OLIWLQJ EDLOV HWF
IRUWKHHDVHRIUHPRWHUHSODFHPHQWVDQGUHSDLUV
The design concepts for hot cell equipment have
evolved over the years and improvements have
been progressively implemented, with respect to
the increased radiation tolerances of components,
compactness, modularity, and provisions for
introduction into an operating hot cell, faster repair
and recovery as well as decommissioning of the
PDFKLQHDWWKHHQGRIOLIH

Fig. 5 Fuel subassembly dismantling machine for head end facility
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I.5

Design, Development and In-Situ Testing
of Electronics for Subassembly Flow Meter of FBTR

,

Q)DVW%UHHGHU7HVW5HDFWRUFRRODQWÀRZUDWHWKURXJK
the individual fuel subassemblies is measured
using eddy current flow meter (ECFM) as part of
SHULRGLFVXUYHLOODQFHEHIRUHHYHU\VWDUWXS7KHVHÀRZ
PHDVXUHPHQWVDUHEHLQJFDUULHGRXWWRFRQ¿UPWKDWIXHO
VXEDVVHPEOLHVDUHJHWWLQJUHTXLUHGÀRZ7KHVWDQGDORQH
electronics for ECFM was designed and developed for
WKLVSXUSRVH
(GG\FXUUHQWÀRZVHQVRULVDQHOHFWURPDJQHWLFGHYLFH
FRQVLVWLQJRIWKUHHFRLOVZRXQGRQDVRIWLURQEREELQ
The primary coil is in the middle and is excited with a
constant current source of 200 mA (±1 mA) at a constant
IUHTXHQF\RI+] +] 7KHWZRVHFRQGDU\FRLOV
are wound symmetrically on either side of the primary
FRLORQWKHVDPHFRUH:KHQWKHVHQVRULVSRVLWLRQHGRQ
the top of the subassembly it produces an output which
is proportional to the velocity of the sodium entering
WKH VXEDVVHPEO\ 7KH PDJQHWLF IOX[ JHQHUDWHG E\
the primary coil interacts with the moving sodium and
SURGXFHVHGG\FXUUHQWVZKLFKGLVWRUWWKHSULPDU\¿HOG
UHVXOWLQJLQXQHTXDOFRXSOLQJRIWKHWZRVHFRQGDU\FRLOV
The coupling in the up-stream coil is more than downVWUHDPFRLO7KHGLႇHUHQFHEHWZHHQWKHWZRVHFRQGDU\
FRLO 9696 YROWDJHVLVSURSRUWLRQDOWRWKHVRGLXP
ÀRZ)XUWKHUWKHUDWLR 96±96  9696 LV
FRPSXWHGLQRUGHUWRHOLPLQDWHWKHHႇHFWRIWHPSHUDWXUH
RQWKHLQGXFHGVLJQDODQGÀRZLVFDOFXODWHGXVLQJWKH
IRUPXOD4 .  96±96  9696 P3KUZKHUH
.  VSHFL¿FWRWKHSUHVHQWVHQVRU 

Fig. 1 Block diagram
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The instrument electronics consists of 5 major modules
)LJXUH    YL] ZDYeform generator module which
generates a stable sinusoidal voltage signal, Power
DPSOL¿HUPRGXOHZKLFKFRQYHUWVWKHVLQXVRLGDOYROWDJH
signal to current to excite the primary coil of the sensor,
Pre-amplifier module amplifies, isolates and filters
the signals from secondary coils and feeds to signal
SURFHVVRUPRGXOH7KHVLJQDOSURFHVVRUPRGXOHGLJLWL]HV
and computes the average value of the voltage of the
VHFRQGDU\FRLOVDQGÀRZGLVSOD\PRGXOHFRPSXWHVWKH
ÀRZEDVHGRQWKHDYHUDJHYDOXHVREWDLQHGIURPVLJQDO
SURFHVVRUPRGXOH
A single 3U module holder houses the instrument
HOHFWURQLFV0RGXODUGHVLJQDSSURDFKZDVDGRSWHGWR
HQVXUHDGHTXDWHFRROLQJDQGHDVHRIPDLQWDLQDELOLW\
The instrument was tested in FBTR before
FRPPHQFHPHQW RI LUUDGLDWLRQ FDPSDLJQ QXPEHU 
7KH ÀRZV RI VHYHQ QXPEHUV RI VXEDVVHPEOLHV ZHUH
measured using a personal computer based data
acquisition system, which requires an elaborate
FRQ¿JXUDWLRQ DQG VHWXS 7KH GHYHORSHG LQVWUXPHQW
ZDVDOVRFRQQHFWHGLQSDUDOOHODQGÀRZUHDGLQJVZHUH
PHDVXUHG7KHUHDGLQJVZHUHWDNHQWKUHHWLPHVIRUHDFK
VXEDVVHPEO\WRHQVXUHUHSHDWDELOLW\7KHÀRZPHDVXUHG
using the developed instrument was compared with the
SHUVRQDOFRPSXWHUEDVHGV\VWHP,WZDVREVHUYHGWKDW
WKHÀRZYDOXHVPDWFKHGZLWKLQP3KU$OVRLWZDV
REVHUYHGWKDWWKHYDULDWLRQLQÀRZDPRQJWKHYDULRXV
VXEDVVHPEOLHVZDVZLWKLQ
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I.6

Data and Information Storage using NAS in CDPS
of FBTR

C

HQWUDO'DWD3URFHVVLQJ6\VWHP &'36 LQ)%75
FRQVLVWV RI WZR VXEV\VWHPV QDPHO\ 66, DQG
66,, FRQQHFWHG LQ IDXOW WROHUDQW FRQ¿JXUDWLRQ (DFK
subsystem consists of three ED20 based embedded
V\VWHPV QDPHO\ 6DIHW\ FULWLFDO 6\VWHP 6&6  6DIHW\
5HODWHG6\VWHP 656 DQG1RQ6DIHW\6\VWHP 166 
About 600 plant parameters are supervised and
controlled continuously by these subsystems for the safe
DQGUHOLDEOHRSHUDWLRQRIUHDFWRU6LQFHWKHVXEV\VWHPV
are limited by their storage and display capabilities, they
are interfaced with personal computer based data server
DQGPHVVDJHVHUYHUWRRYHUFRPHWKHOLPLWDWLRQV
7KUHHWLHU DUFKLWHFWXUH RI &'36 VKRZQ LQ )LJXUH
consists of embedded systems at the bottom layer, data
VHUYHUDQGPHVVDJHVHUYHUDWWKHPLGGOHOD\HU*8,DQG
display station located in control room will be top most
OD\HUDQGDFFHVVLEOHWRSODQWRSHUDWRU
Embedded system at the bottom layer interfaces with
¿HOGVHQVRUV7KH\DUHPDLQO\WRVFDQGRVXSHUYLVLRQ
DQGVHQGWKHYDOXHVWR'DWD6HUYHUSHULRGLFDOO\'DWD
6HUYHUZLOOUHFHLYHDQGVWRUHWKHGDWDLQORFDOGDWDEDVH
so that it can be served based on request made by
RSHUDWRULQ*8,'DWDVHUYHULVFDSDEOHRIVWRULQJVLJQDO
YDOXHVIRURQHGD\GXUDWLRQ
6LPLODUO\WKHVHVXEV\VWHPVEDVHGRQSURFHVVLQJZLOO
JHQHUDWH PHVVDJHV 7KHVH PHVVDJHV DUH LQ FRGHG
IRUPDWDQGVHQWWRPHVVDJHVHUYHU0HVVDJHVHUYHUZLOO
decode and construct original message so that it can be
stored in local database and sent to display station for
GLVSOD\DQGDOVRWRSULQWHUIRUKDUGFRS\0HVVDJH6HUYHU
LVIHDWXUHGWRVWRUHWKHODVWWZRWKRXVDQGPHVVDJHV
$SDUWIURPWKHVHVXEV\VWHPV&'36FRQVLVWVRIVRPH
personal computer based data acquisition systems
OLNHIDVWGDWDORJJHUV\VWHPV )'/6 HYHQWVHTXHQFH
UHFRUGHU V\VWHP  (65,  ,,  DQG UDGLDWLRQ DQG DLU
DFWLYLW\PRQLWRULQJV\VWHPV 5$$06 HWF)'/6LVXVHG
to scan some important parameters at 100 ms interval
and automatically store their values at 2 minutes before
DQG PLQXWHV DIWHU DQ\ SRZHU RU UHDFWLYLW\ WUDQVLHQW
(65, ,,DUHXVHGWRVFDQWKHGLJLWDOLQSXWFRQWDFWV
DWPVLQWHUYDO:KHQHYHU6&5$0WDNHVSODFHWKH
V\VWHPZLOOJHQHUDWHDKLVWRU\¿OHIRULQFLGHQWDQDO\VLV
ZKLFKZLOOFRQWDLQPHVVDJHVJHQHUDWHGEHIRUH6&5$0
DQG DIWHU 6&5$0 5$$06 V\VWHP LV XVHG WR ORJ
WKH VLJQDOV IURP YDULRXV UDGLDWLRQ PRQLWRUV$OVR LW
FDOFXODWHVDFWLYLW\GLVFKDUJH$OOWKHYDOXHVDUHVWRUHG
DWHYHU\VKLIWLQWHUYDO
Though the systems are featured to have storage and

Top Layer

RAAMS

NAS-I

NAS-II

FDLS
Display
StaƟon-II

Display
StaƟon-I

ESR-II

ESR-I
CDPS
LAN

GUI-I

GUI-II
Middle Layer

Data
Server -I

Message
Server -I

Data
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RS 232C
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Fig. 1 Three tier architecture -CDPS

FUHDWHKLVWRU\¿OHGXULQJLQFLGHQWWKH¿OHVDUHFRQ¿QHG
WR WKH LQGLYLGXDO V\VWHPV 7R KDYH FRQWLQXRXV DQG
centralized storage for all data and information generated
E\&'36V\VWHPVDQHWZRUNDWWDFKHGVWRUDJH 1$6 
XQLWLVSURFXUHGDQGFRPPLVVLRQHGLQ&'36
Data storage
7KHV\VWHPVQDPHG1$66(59(5 DUHXVHGWR
fetch the data from respective data servers at every one
KRXULQWHUYDO7KHDSSOLFDWLRQSURJUDPZDVGHYHORSHG
XVLQJ9LVXDO6WXGLR7KHDSSOLFDWLRQSURJUDPVHQGV
TXHU\SHULRGLFDOO\WRUHWULHYHGDWDIURPGDWDEDVH$WWKH
HQGRIWKHGD\D¿OHLVFUHDWHGZLWKV\VWHPQDPHGDWH
DQGWLPHRI¿OHFUHDWLRQDV¿OHQDPHDQGUHWULHYHGGDWD
ZLOOEHZULWWHQLQWKH¿OH
7KH¿OHZLOOEHFRSLHGLQWR1$6, 1$6,,XQLWV7KH
VWDWXVRI1$66(59(5, ,,DSSOLFDWLRQSURJUDPZLOOEH
GLVSOD\HGLQWKHLUUHVSHFWLYH'LVSOD\6WDWLRQORFDWHGLQ
FRQWUROURRP$SDUWIURPWKLVWKHGDWDIURP5$$06LV
DOVRVWRUHGLQ1$6XQLWVDWWKHHQGRIHYHU\VKLIW
Information storage
'LVSOD\6WDWLRQVUHFHLYHPHVVDJHVIURPERWK0HVVDJH
6HUYHUDQG(65'LVSOD\6WDWLRQLVSURJUDPPHGWRFRXQW
the messages received and dump the messages in a
¿OHRQUHDFKLQJDFRXQWYDOXHWKDWLVVHWLQWKHSURJUDP
7KH¿OHLVWKHQFRSLHGLQWR1$6, 1$6,,
Storage units
7ZRQXPEHUVRI1$6XQLWVDUHSURFXUHGDQGFRQQHFWHG
WR&'36/$17KHGDWDDQGPHVVDJHVJHQHUDWHGE\
&'36V\VWHPVDUHVWRUHGLQWKHVHXQLWVFRQWLQXRXVO\
7KHVWRUHGGDWDZLOOEHDYDLODEOHIRUSHULRGRIRQH\HDU
2QH\HDUVWRUHGGDWDZLOOEHFRSLHGLQWR'9'PHGLDDQG
UHSRVWHGIRUIXWXUHUHIHUHQFH
9
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I.7

Fabrication of U-6wt.% Zr Fuel Slugs
for Test Irradiation in FBTR

6

odium bonded metallic fuel pins containing
8ZW3XZW=U WHUQDU\ DOOR\ DV IXHO VOXJ
DQG8ZW=UDVEODQNHWVOXJLQ7FODGDUHEHLQJ
GHYHORSHG IRU IXWXUH IDVW EUHHGHU UHDFWRUV LQ ,QGLD
Towards this a demonstration facility for metallic fuel
IDEULFDWLRQLVEHLQJHVWDEOLVKHG%RWKWKHIXHODQGEODQNHW
VOXJVZRXOGEHIDEULFDWHGE\LQMHFWLRQFDVWLQJPHWKRG
This method is being developed for the fabrication of
SOXWRQLXP EHDULQJ IXHO VOXJV IRU WKH ¿UVW WLPH LQ RXU
GHSDUWPHQW,QYLHZRIWKHFRPSOH[LWLHVLQYROYHGLQWKH
design of the process as well as process equipment, it
is envisaged that a few iterations would be necessary
EHIRUH¿QDOL]LQJWKHGHVLJQRIWKHSURFHVVHTXLSPHQW
IRU IDEULFDWLQJ SOXWRQLXP EDVHG PHWDOOLF IXHOV +HQFH
a mock-up facility was established to initially fabricate
U-6Zr slugs by injection casting method, gain experience
DQG¿QHWXQHWKHGHVLJQRIWKHSURFHVVDQGHTXLSPHQW
based on the operating experience of the mock-up
IDFLOLW\ 3UHOLPLQDU\ H[SHULPHQWV ZHUH FDUULHG RXW WR
IDEULFDWH8=UVOXJV
An engineering scale injection casting equipment of
10 kg (U-19%Pu-6%Zr ternary alloy) capacity was
designed, fabricated and installed inside a glove box
¿OOHG ZLWK KLJKSXULW\ DUJRQ )LJXUH $UJRQ JDV LV
FLUFXODWHG WKURXJK KLJK HႈFLHQF\ SDUWLFXODWH DLU ¿OWHUV
DQGSXUL¿FDWLRQV\VWHPVLQRUGHUWRPDLQWDLQWKHSXULW\
RI WKH JORYH ER[ DWPRVSKHUH 7KH LQMHFWLRQ FDVWLQJ
equipment consists of a process chamber, quartz
mould cassette with pre-heaters, systems to move the
mould cassette vertically up and down to the required
H[WHQW XVLQJ D SLVWRQ ± F\OLQGHU DUUDQJHPHQW GULYHQ
pneumatically by pressurized inert gas, an induction
furnace and associated vacuum system and pressurizing
V\VWHPZLWKFRQWUROV

The process chamber has two sections, separated
E\ PRYDEOH WKHUPDO UDGLDWLRQ  VKLHOGV ORZHU VHFWLRQ
houses a high-density graphite crucible for alloy melting
with movable thermal shields and the upper section
houses mould cassette with pre-heaters to pre-heat
WKH PRXOG FDVVHWWH WR UHTXLUHG WHPSHUDWXUH 7KHVH
two sections are separable and the upper section is
horizontally movable to facilitate loading of alloying
PDWHULDOV LQVLGH WKH PHOWLQJ FKDPEHU 7KH SURFHVV
chamber is suitable for melting metals or alloys under a
dynamic vacuum of 10-5 mbar with provision for isolating
WKHFKDPEHUDQGSUHVVXUL]LQJZLWKDUJRQXSWRNJFP2
JDXJH  /RZHU VHFWLRQ LV ZHOGHG WR WKH EDVH RI WKH
FRQWDLQPHQWER[7HPSHUDWXUHVRIYDULRXVSDUWVRIWKH
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Fig. 1 Injection casting equipment

furnace are measured and continuously monitored by
both thermocouples (Type K in the upper section and
FRSSHUFRLOVDQG7\SH%RU6LQWKHPHOWLQJFKDPEHU 
and a pyrometer, which views directly inside the graphite
FUXFLEOH'HGLFDWHGIXUQDFHSRZHUVXSSO\DQGFRQWURO
and cooling water circulation systems are provided
RXWVLGHWKHFRQWDLQPHQWER[
The crucible used for melting cum injection casting
SURFHVV LV PDGH RI KLJKGHQVLW\ JUDSKLWH 7KH LQQHU
surface of the crucible is coated with yttria to prevent
FDUERQ FRQWDPLQDWLRQ RI WKH FKDUJH 7KH FUXFLEOH LV
KHDWHGE\DQLQGXFWLRQKHDWHU5HTXLUHGTXDQWLWLHVRI
uranium and zirconium metal ingots were loaded into the
JUDSKLWHFUXFLEOH7KHORDGLQJZDVGRQHLQVLGHDQLQHUW
DWPRVSKHUHJORYHER[FRPPLVVLRQHGIRUWKLVSXUSRVH
The graphite crucible along with the charge was then
double sealed in a polythene cover and transferred to
LQMHFWLRQ FDVWLQJ SURFHVV FKDPEHU$IWHU HYDFXDWLRQ
inerting and degassing, enough super heat was provided
WR WDNH FDUH RI FRROLQJ GXULQJ LQMHFWLRQ FDVWLQJ VWHS
$FDVVHWWHRITXDUW]PRXOGVSUHKHDWHGWR.ZDV
then lowered into the melt so that the lower ends of the
TXDUW]WXEHVDUHVXႈFLHQWO\GLSSHGLQVLGHWKHDOOR\PHOW
IRULQMHFWLQJWKHPROWHQDOOR\LQWRWKHTXDUW]WXEHV0HOWLQJ
chamber was then rapidly pressurized to allow the melt
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Fig. 2 U-6Zr slugs

Fig. 3 X-radiograph of U-6Zr slugs

WRULVHWRSUHGHWHUPLQHGKHLJKWLQWRWKHTXDUW]PRXOGV
As the quartz moulds and argon gas are relatively cold,
WKHDOOR\UDSLGO\FRROVLQLW7KHSURFHVVFRQGLWLRQVDUH
such that the alloy freezes only in the moulds and the
UHVLGXDOPHOWLQWKHPHOWFKDPEHULVVWLOOOLTXLG4XDUW]
moulds were then withdrawn from the melt to facilitate
UHPRYDORIIXHOVOXJVDORQJZLWKTXDUW]PRXOGV

After melting the alloy components the temperature of
WKHPHOWZDVUDLVHGWR.EHIRUHLQMHFWLRQFDVWLQJ
,QHDFKH[SHULPHQWDOUXQVOXJVRIPPOHQJWKDQG
PPGLDPHWHUVZHUHIDEULFDWHG7KHDVFDVW8=U
slugs were subjected to chemical, metallurgical and
SK\VLFDO FKDUDFWHUL]DWLRQ 7KH HQJLQHHULQJVFDOH
injection casting runs with U-6Zr alloy were repeated a
IHZWLPHV7KHTXDOLW\RIWKHIXHOVOXJVZDVDFFHSWDEOH
DQG D UHDVRQDEOH \LHOG RI  FRXOG EH DFKLHYHG
The dimensions of the slugs were measured using a
metrology bench comprising of a laser micrometer for
diameter measurement, a laser height gauge for length
measurement and an eddy current coil for measuring
LQWHUQDO GHIHFWV 7KH LQWHUQDO GHIHFWV VXFK DV FUDFNV
and pores were also measured by neutron radiography
)LJXUH 7KHFKHPLFDOFRPSRVLWLRQRIWKHVOXJVZDV
measured both by conventional chemical methods as
ZHOODVE\JDPPDVSHFWURPHWU\7KHPHWDOOLFLPSXULWLHV
LQWKHVOXJVZHUHDQDO\VHGE\,&3$(67KHGLVWULEXWLRQ
of U and Zr in the slugs was ascertained by energy
GLVSHUVLYH;UD\DQDO\VLV;UD\GLႇUDFWLRQVWXGLHVZHUH
FDUULHGRXWWRLGHQWLI\WKHSKDVHVSUHVHQWHGLQWKHVOXJ
,QDGGLWLRQRSWLFDOPLFURVFRSLFVWXGLHVZHUHFDUULHGRXW
in order to understand the microstructural characteristics
RIWKHVOXJ$IWHUVXFFHVVIXOYDOLGDWLRQGHIHFWIUHHIXHO
JUDGH8=UVOXJVZHUHIDEULFDWHG

,Q RUGHU WR H[SORUH DQG XQGHUVWDQG YDULRXV LQMHFWLRQ
casting variables such as casting temperature,
injection pressure, pressurizing rate, mould pre-heating
temperature, yttria coating on the inner surface of the
JUDSKLWHFUXFLEOHHWFH[SHULPHQWVZHUHFDUULHGRXWWR
IDEULFDWHFRSSHUVOXJVE\LQMHFWLRQFDVWLQJPHWKRG7KH
X-radiogrpahy of the as-cast copper slugs obtained from
the initial few runs showed several internal pores in the
XSSHUUHJLRQRIWKHVOXJV7KHGHIHFWVZHUHRYHUFRPH
by optimizing the casting parameters and improving the
SURFHVVFRQGLWLRQV'HIHFWIUHHDFFHSWDEOHFRSSHUVOXJV
ZHUHVXEVHTXHQWO\IDEULFDWHG
After successful fabrication of defect-free copper slugs,
experiments were carried out to fabricate U-6Zr fuel
VOXJV )LJXUH 8UDQLXPPHWDOLQWKHIRUPRILQJRWV
PPGLDPHWHUDQGPPOHQJWK±VXSSOLHGE\$WRPLF
Fuels Division, BARC) and zirconium in the form of
sponge (supplied by Nuclear Fuel Complex, Hyderabad)
ZHUHWKHVWDUWLQJPDWHULDOVIRUWKHIDEULFDWLRQRIWKHVOXJV

I.8

Periodic Safety Review of KAMINI Reactor
for Relicensing

.$0,1,5HDFWRULVD2338IXHOOHGOLJKWZDWHUPRGHUDWHG
FRROHGDQGEHU\OOLXP2[LGHUHÀHFWHGORZSRZHUUHVHDUFK
reactor designed to operate at a nominal power of
 N: DQG LV ORFDWHG LQ WKH EDVHPHQW RI WKH KRW FHOO
RI5DGLR0HWDOOXUJ\/DERUDWRULHV,*&$5.DOSDNNDP
)LJXUH 7KHUHDFWRUIXQFWLRQVDVDQHXWURQVRXUFH
ZLWKDÀX[RI12QFP2VDWFRUHFHQWUHDQGIDFLOLWLHV
carrying out neutron radiography of radioactive and
non-radioactive objects and neutron activation analysis
RI YDULHW\ RI VDPSOHV  ([SHULPHQWDO IDFLOLWLHV FRQVLVW
RIWKUHHEHDPWXEHVZLWKDÀX[RIQFP2VRQHRI
them equipped with special setup for radiography of

Fig. 1 KAMINI reactor top view
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LUUDGLDWHG HOHPHQWV 7KHUH DUH WZR ORFDWLRQV RXWVLGH
WKHUHÀHFWRULQWKHUHDFWRUWDQNIRULUUDGLDWLRQRIODUJHU
VDPSOHVDWDÀX[OHYHORI10QFP2VDQGRQHORFDWLRQ
at the reactor core periphery for short irradiation at
D ÀX[ OHYHO RI 11QFP2V XVLQJ SQHXPDWLF VDPSOH
WUDQVIHUV\VWHP
Commissioning of the reactor was started after
obtaining clearances at various stages from safety
DXWKRULWLHV LQ  $IWHU REWDLQLQJ WKH FOHDUDQFH
IURP VDIHW\ DXWKRULWLHV IRU RSHUDWLRQ XS WR  :
IXHO ORDGLQJ ZDV GRQH  )LUVW FULWLFDOLW\ ZDV PDGH RQ
2FWREHU   2SHUDWLRQ RI UHDFWRU DW  : IRU
SK\VLFV H[SHULPHQWV YL] 9RLG FRHႈFLHQW RI UHDFWLYLW\
measurement, absolute power calibration using
uranium wires and absorber rod worth measurement
ZHUH FRPSOHWHG 6XEVHTXHQWO\ UHDFWRU SRZHU ZDV
UDLVHG WR  N:W DIWHU REWDLQLQJ FOHDUDQFH IURP VDIHW\
authorities and satisfactory operation of systems at
KLJK SRZHU ZDV GHPRQVWUDWHG $IWHU FRPSOHWLQJ WKH
shielding augmentation, reactor power was raised
WR QRPLQDO SRZHU RI  N:W RQ 6HSWHPEHU  
:LWKWKHLQVWDOODWLRQDQGFRPPLVVLRQLQJRIVHFRQGDU\
circuit, the commissioning activities were completed
and license for regular operation of the reactor at
QRPLQDOSRZHUZDVREWDLQHGIURP$(5%ZHIVW-XO\
 %DVHG RQ WKH IHHGEDFN IURP FRPPLVVLRQLQJ
H[SHULHQFH WKH WHFKQLFDO VSHFL¿FDWLRQ GRFXPHQW IRU
UHDFWRU RSHUDWLRQ ZDV UHFWL¿HG DQG JRW DSSURYHG
6$5&23 YLVLWHG WKH UHDFWRU RQ$XJXVW   DQG
WRRNRYHUWKHVDIHW\UHYLHZRIWKHUHDFWRUIURP3'6&
. 
This reactor is used for neutron radiography of
irradiated FBTR fuel, Activation analysis and Radiation
3K\VLFV 5HVHDUFK .$0,1, KDV DOVR EHHQ XWLOL]HG
for neutron radiography of pyro devices, meant for
VSDFH DSSOLFDWLRQV DQG WHVWLQJ RI QHXWURQ GHWHFWRUV
Presently this is the only operating reactor with this fuel
and therefore it serves as a facility to study the physics
characteristics of 2338IXHOOHGUHDFWRUV\VWHPV1HXWURQ
radiography of irradiated fuel pins of Fast Breeder Test
5HDFWRU )%75  XS WR  0:GW EXUQXS DQG
IDLOHGIXHOZDVFDUULHGRXW
,Q UHFHQW \HDUV WKHUH KDV EHHQ D SUHVVLQJ GHPDQG
IURP (&,/ DQG %$5& IRU WHVWLQJ DQG FDOLEUDWLRQ RI
the various types of neutron detectors developed and
PDQXIDFWXUHGE\%$5&LQ.$0,1,UHDFWRUGXHWRWKH
QRQDYDLODELOLW\RI$36$5$5HDFWRUIRUWHVWLQJ7KHVH
GHWHFWRUVKDYHWREHWHVWHGLQWKHQHXWURQÀX[RI4 to
1010 QY7ZRYHUWLFDOGU\WXEHVRIGLDPHWHUPPDQG
103 mm and 3750 mm length with removable shield
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Fig. 2 Location of dry tubes and high temperature test set up

plugs were installed permanently inside the reactor
tank at 35 and 90 cm horizontally from the centre of
WKH UHDFWRU FRUH +LJK WHPSHUDWXUH ¿VVLRQ FKDPEHUV
+7)&  GHYHORSHG IRU 3)%5 LV WHVWHG LQ .$0,1,
XS WR D QHXWURQ ÀX[ RI [9 QY  JDPPD ¿HOG RI
5 x 1055KUDWDWHPSHUDWXUHRIo&)RUWHVWLQJWKH
+7)&GHWHFWRUVLQ.$0,1,UHDFWRUDWHVWDVVHPEO\
made up of inconel tube capable of maintaining the
detector temperature at 570 oC using electrical heaters
is installed on the east side of the reactor in the pool
DERYHVSHQWIXHOVWRUDJHVWDQG
Renewal of license of KAMINI reactor
)RUUHQHZDORIDXWKRUL]DWLRQIRURSHUDWLQJWKH.$0,1,
reactor, comprehensive safety review of plants was
FDUULHGRXWFRQVLGHULQJWKHFXPXODWLYHHႇHFWVRISODQW
DJHLQJDQGLUUDGLDWLRQGDPDJHV\VWHPPRGL¿FDWLRQV
operational feedback, status and performance of
safety systems and safety support systems, technical
developments, manpower training, radiological
SURWHFWLRQ SUDFWLFHV SODQW PDQDJHPHQW VWUXFWXUH HWF
These comprehensive safety reviews termed as Periodic
6DIHW\ 5HYLHZ 365  LV LQWHQGHG WR IXUWKHU HQKDQFH
SODQW VDIHW\ WKURXJKRXW WKH VHUYLFH OLIH RI WKH SODQW
365LVSUHSDUHGE\WDNLQJLQWRDFFRXQWLPSURYHPHQWV
in safety standards and operating practices, cumulative
HႇHFWV RI SODQW DJHLQJ PRGL¿FDWLRQV IHHGEDFN IURP
operating experience, and development in science and
WHFKQRORJ\
%DVHG RQ 6$5&23 UHFRPPHQGDWLRQ WKLV GRFXPHQW
ZDV VXEPLWWHG WR 236' $(5% )XUWKHU 365 ZDV
UHYLHZHG E\ WKH ZRUNLQJ JURXS FRQVWLWXWHG E\$(5%
%DVHGRQWKHSUHOLPLQDU\UHYLHZRI365FDUULHGRXWE\
AERB and from the review outcome, it was observed
WKDWWKHSHUIRUPDQFHRI.$0,1,KDVEHHQVDWLVIDFWRU\
6HYHUDOPRGL¿FDWLRQVUHSODFHPHQWVKDYHEHHQFDUULHG
out in order to improve performance and reliability of
WKHV\VWHPVDQGHQKDQFHPHQWRIVDIHW\
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I.9

7HVWLQJ 4XDOL¿FDWLRQRI+LJK7HPSHUDWXUH)LVVLRQ
Chambers

H

igh Temperature Fission Chambers (HTFC) are
XVHGIRULQYHVVHOQHXWURQÀX[PRQLWRULQJRYHUD
ZLGHUDQJH±VWDUWXSLQWHUPHGLDWHDQGSRZHUIRUUHOLDEOH
GHWHFWLRQRIQHXWURQVSURGXFHGGXULQJQXFOHDU¿VVLRQ
LQWKH3)%5FRUH,QDGGLWLRQ+7)&VDUHDOVRXVHGIRU
delayed neutron monitoring for detection of wet rupture
LQWKHIXHOFODG7KHVHGHWHFWRUVGHYHORSHGE\%$5&
DQGIDEULFDWHGE\(&,/ZHUHWHVWHGIRUWKHLUIXQFWLRQDO
SHUIRUPDQFHHYDOXDWLRQLQRUGHUWRTXDOLI\IRUQHXWURQÀX[
PRQLWRULQJ LQ 3)%5 3URWRW\SH GHWHFWRUV ZHUH HDUOLHU
WHVWHG LQ )%75 XS WR QHXWURQ ÀX[ RI a[9 QFP2-s
and up to a temperature of 450 ºC in experimental
FDQDO$VSDUWRIWKHTXDOL¿FDWLRQLWZDVGHFLGHGWRWHVW
WKHVH)LVVLRQ&KDPEHUVLQ.$0,1,UHDFWRUZLWKVXLWDEOH
detector housing with external heating arrangements
so as to get the same operating conditions for detector
YL] WHPSHUDWXUH ºC, QHXWURQ ÀX[ XS WR î9 nv
DQGJDPPD¿HOGXSWRî55KRXUDVLQ3)%5
For this, a special detector housing assembly was
GHVLJQHG IDEULFDWHG DQG LQVWDOOHG LQ .$0,1, UHDFWRU
7KHDVVHPEO\FRPSULVHVWKHIROORZLQJ
(OHFWULFDOKHDWHUV
7KHUPDOLQVXODWLRQ

'HWHFWRUKRXVLQJDUUDQJHPHQW
6KLHOGLQJEORFNV
7HPSHUDWXUHFRQWUROOHU
Following design issues were addressed in order to
HVWDEOLVKDUHOLDEOHWHVWIDFLOLW\IRUWHVWLQJWKHGHWHFWRUV
Optimized size of the assembly to minimize the
EXR\DQF\HႇHFWGXULQJLQVWDOODWLRQ
Material selection for high temperature (570 ºC)
operation and minimum irradiation activation
Ensuring safe temperature rise inside the assembly
Radiation resistant soft-cables for heater terminations
Ensuring reliable heating using electrical heaters
 Providing adequate temperature sensors for
measuring temperature at various locations inside
the assembly
Arranging shielding
VWUHDPLQJUDGLDWLRQ

for

neutron

and

gamma

Meeting all the above requirements, a special assembly
ZDVIDEULFDWHGXVLQJ,QFRQHO5RFNZRROZDVXVHG
as thermal insulator for preventing heat loss to outside
HQYLURQPHQW LH .$0,1, ZDWHU SRRO )HUURERURQ

HTFC
test assembly

Fig. 1 Assembly installation location in KAMINI (plan view)
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¿OOHG VKLHOG SOXJV ZHUH XVHG IRU QHXWURQ DQG JDPPD
VKLHOGLQJDORQJZLWKVXSSOHPHQWDU\VKLHOGEORFNV
The size of the assembly was chosen as
3700 x 200 mm OD (cylindrical tube) housing
FRQFHQWULFDOO\ SODFHG ,QFRQHO LQQHU WXEH
 [  PP 2'  ZUDSSHG ZLWK WZR 0, FDEOH W\SH
heaters on its outer surface, and annular space
EHWZHHQWKHWXEHV¿OOHGZLWKDSSUR[LPDWHO\NLORJUDP
RIURFNZRRO7RWDOVHYHQWKHUPRFRXSOHVZHUHSURYLGHG
for temperature monitoring and control and distributed
inside the assembly (on the outer surface of inner tube)
XS WR  PP IURP ERWWRP 7ZR VXUIDFH KHDWHUV
HDFK  N: KDYH EHHQ ZUDSSHG DURXQG WKH LQQHU
tube in parallel, with uniform pitch length targeted to
SURYLGHHTXDOKHDWLQJSHUXQLWOHQJWK7ZRVKLHOGSOXJV
±LQQHUSOXJDQGRXWHUSOXJ– were also provided on the
top (400 mm deep) of the assembly for capping inner
tube and annular gap between inner and outer tubes,
UHVSHFWLYHO\ 6KLHOGLQJ EORFNV ZHUH SURYLGHG ZLWK
IHUURERURQJUDQXOHV¿OOHGEULFNVWRSUHYHQWQHXWURQDQG
JDPPD VWUHDPLQJ IURP WKH UHDFWRU GXULQJ RSHUDWLRQ
The shielding was further enhanced by providing
VXSSOHPHQWDU\VKLHOGLQJLQWKHIRUPRIIHUURERURQ¿OOHG
66EULFNVVWDFNHGXSWRPPRYHUWKHDVVHPEO\LQ
DF\OLQGULFDOWURXJK)LJXUHVKRZVDSODQYLHZRIWHVW
DVVHPEO\LQ.$0,1,
A temperature monitoring and control unit has been
XVHGIRUWHPSHUDWXUHFRQWUROLQVLGHWKHWHVWDVVHPEO\
The controller can monitor 10 thermocouples with an
RYHUDOO VFDQ F\FOH RI  VHFRQGV 7KH WHPSHUDWXUH
control scheme uses redundant thermocouples,
provided on outer surface of inner tube and on the
detector and mineral insulated cables, for heater feed
EDFN FRQWURO 7KXV RYHUDOO D UHOLDEOH WHPSHUDWXUH
control scheme was envisaged for monitoring and
FRQWURORIWKHWHPSHUDWXUHLQVLGHWKHDVVHPEO\
The performance of the thermal insulator (rock-wool)
ZDVWHVWHGLQDPRFNXSWHVWIDFLOLW\RQVFDOHGRZQ
PRGHORI.$0,1,ZDWHUSRRO$IWHUKRXUVRIFRQWLQXRXV
heating, the average temperature rise observed was
º&  ZKLFK FRUUHVSRQGV WR RQO\ ºC temperature

(a)

(b)

ULVHLQ.$0,1,7KHPRFNXSWHVWUHVXOWVVKRZHGJRRG
thermal performance of the chamber and heat transfer
was conservative with theoretically arrived value of 2 º&
During mock-up, time required to raise the temperature
from room temperature to 570 ºC was also measured
and found to be approximately 150 minutes with 90%
FRQWUROOHURXWSXW7KLVFRUUHVSRQGVWRaºC average
temperature rise per minute and ascertained the
adequate heating capacity of heaters to meet the various
KHDWLQJ UDWHV UHTXLUHG 6XEVHTXHQWO\ WKH VHWXS ZDV
VXFFHVVIXOO\LQVWDOOHGLQ.$0,1,UHDFWRU
HTFC detectors (6 numbers) of control plug were
tested at room temperature and at 570 °C from
: WR N: SRZHU ZLWK & PLQ RI KHDWLQJ UDWH
6LPLODUO\ WHVWLQJ RI '1' GHWHFWRUV IRU ,+; ORFDWLRQ
(3 numbers) was also carried out at room temperature
DQGDW&IURP:WRN:SRZHU
Detector response, both in pulse and mean square
YROWDJH 069  PRGH ZDV PHDVXUHG ZLWK UHVSHFW WR
UHDFWRUSRZHU3DUDPHWHUVVXFKDVLQVXODWLRQUHVLVWDQFH
,5  QHXWURQ VHQVLWLYLW\ VDWXUDWLRQ YROWDJH +9  DQG
Ȗ¿HOG GLVFULPLQDWLRQ '%   SODWHDXV ZHUH UHFRUGHG
during each test at both temperatures and at various
SRZHUOHYHOV$OVROLQHDULW\LQUHVSRQVHRIGHWHFWRUDQG
SXOVHFKDUDFWHULVWLFVZHUHREWDLQHGGXULQJWKHWHVWLQJ
$ W\SLFDO +9 DQG '% SODWHDX RI WKH GHWHFWRU WHVWHG
LV VKRZQ LQ )LJXUHV D DQG E )LJXUHF LV OLQHDULW\
in response at 570 º& ,W LV REVHUYHG WKDW GHWHFWRUV
showed satisfactory performance with an average
VHQVLWLYLW\RIFSVQYDWURRPtemperature and
570 ºC, DQG ,5 YDOXHV RI WKH RUGHU RI 10  DW URRP
temperature and 10  DW &7KH OLQHDULW\ LQ WKH
response, for both pulse and Campbell, was found to
EHZLWKLQZLWKDQHႇHFWLYHRYHUODSRIPRUHWKDQ
 GHFDGHV DW URRP WHPSHUDWXUH DQG  º& 7KH
neutron pulse rise time is noted to be in the range of
QVZLWKW\SLFDOSXOVHZLGWKRIQVDWroom
temperature and 570 º&7KHPDUJLQDOFKDQJHREVHUYHG
in the neutron sensitivity and in pulse characteristics
at high temperature (570 ºC) in comparison to room
WHPSHUDWXUHZDVIRXQGWREHZLWKLQDFFHSWDEOHOLPLW

(c)

Fig. 2 (a) HV, (b) Ȗ¿HOGGLVFULPLQDWLRQ plateau of the detector tested and (c) linearity in response observed at 570 ºC
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II.1

Construction Status of PFBR

Reactor assembly
Primary Sodium Pump has been integrated with
the coupling for manual rotation to gain confidence
before coupling the pump with the motor. Towards
commissioning of two primary sodium pumps in their
respective locations in the reactor, no-load test on motor
with variable frequency drive was done and the functional
performance in air has been completed by demonstrating
free rotation of the pumps.Top view of reactor assembly
is shown in Figure 1.
Activities related to the core temperature monitoring
were completed and the total system has been validated
physically. The thermo-well tips inside the reactor
vessel were exposed to hot air jets one by one and
simultaneously respective temperature readings in
main control room were monitored. In order to meet the
regulatory requirements and to ensure proper functions
of core monitoring thermocouples, a dedicated mock up
test facility was commissioned to measure the response
WLPHRIWKHUPRFRXSOHVLQKRWDLUMHWZDWHUEDWKDQG¿QDOO\
sodium at simulated temperatures.
In the reactor assembly, the instrumentation cable layout
has been rerouted, particularly cables on the control plug
to demonstrate the removal / assembly operations for the
shutdown systems in case of maintenance. Further the
cables have been dressed to eliminate any possibility
RI HOHFWURPDJQHWLF LQGXFWLRQ HႇHFWV 7KH WUDLOLQJ FDEOH
system along with robust support structures housing
eighteen numbers of cables to transmit the signals from
various sensors incorporated in the components mounted
on the rotatable plugs has been commissioned.

Recently, melting of large quantity sodium (230 tonnes)
in the tanks has been completed and steady & stable
ÀRZRIVRGLXPZLWKIXOOFRQWUROKDVEHHQHVWDEOLVKHGLQ
WKHSXUL¿FDWLRQORRSDQGVRGLXPKDVEHHQXOWUDSXUL¿HG
(<1ppm of Oxygen). An integrated pre-heating exercise
of secondary sodium loop-2 comprising main circuit
DORQJ ZLWK DVVRFLDWHG SXUL¿FDWLRQ FLUFXLWV KDYH EHHQ
commenced.
Fuel handling system
Installation and commissioning of all necessary
instrumentation for the fresh fuel handling scheme
starting from transfer cask to placing into the ex-vessel
transport port have been completed. As a part of technical
demonstration, a full-scale mock-up drill has been carried
out.

For the reactor assembly and primary circuits, the major
activity completed is the erection, commissioning and
functional tests of periscope in main vessel. Baseline data
for inner vessel to assess the deformations under seismic
loadings has been collected. All preparatory activities for
the pressure hold test of the reactor vessel and connected
primary sodium circuits has been completed.

The components and systems lying in the spent fuel
subassembly transport path have been commissioned.
All the 9 Control Rod Safety Drive Mechanisms (CSRDM)
has been operated from main control room and the drop
time, torque, force and displacements were measured.
The results clearly demonstrated the perfect alignments
achieved with all possible manufacturing and erection
WROHUDQFHVWKXVUDLVLQJFRQ¿GHQFHRQWKHRSHUDWLRQRI
control rod drive mechanism.

As a pre-requisite for main vessel preheating, insertion
of nitrogen purging tool in central canal location,
modification of preheating circuit spool pieces for
interspace region, installation of dummy flanges in
in-vessel transfer port & sodium sampling point with
inlet / outlet pipes were carried out.

Smooth operations of inclined fuel transfer machine have
been exercised by transferring the dummy subassemblies
between the in-vessel and ex-vessel transfer ports at
room temperature in air. Under this task, operation of
transfer arm motor from variable frequency drive has
also been completed.

Sodium systems

A full scale mock-up drill has been demonstrated to the
Specialist Group of AERB with the transfer of randomly
selected sub-assembly from the reactor to spent
fuel washing facility and vice-versa. During this task,
operation of Transfer Arm, Large & Small Rotatable
Plug from Handling Control Room and Inclined Fuel
Transfer Machine, Cell Transfer Machine through

The major steps towards commissioning of primary and
secondary sodium systems, viz. cleaning of internal
surfaces of components and piping with flushing of
instrument air and preheating before sodium filling
have been completed by adopting optimized and logical
sequences.
16

Fig. 1 Top view of reactor assembly
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Fig. 2 Transfer pot movement

variable frequency drive has been perfected (Figure 2).
The baseline data for monitoring the horizontality of
core support structure as well as large & small rotatable
plugs have been generated through Transfer Arm
RSHUDWLRQV 7KH VDPH KDYH EHHQ FRQ¿UPHG WKURXJK
optical measurement techniques.
Power conversion system
In Turbine Generator system, the hydrotest of operation
grade decay heat removal pipes were completed.
Generator air leak tightness test for 72 hours have been
completed successfully. Motor driven Boiler Feed Pump
load operation was done with 60% scoop position and full
load operation was carried out for about 12 hours. Motor
Driven Boiler Feed Pump, booster pump and Hydraulic
coupling have been commissioned through Distributed
Control System. Complete Turbine, Generator & Exciter
assembly has been put on barring gear again.
Leak tightness of isolation valves for all the eight Steam
Generators have been checked with pneumatic operation
DQGFORVHGORRSÀXVKLQJLVLQSURJUHVVEHIRUHSUHKHDWLQJ
of Steam generator tubes with DM water.
Tertiary systems
6HD ZDWHU LQWDNH RႇVKRUH FRQFUHWH ZRUNV LV QHDULQJ
completion and Bell mouth concrete of sea water intake
structure has been completed (Figure 3). Temporary
FRႇHUGDPLQWKHFDLVVRQKDYHEHHQGLVPDQWOHGZKLFK
enables drawl of sea water. Grouting of horizontal tunnel
has been completed and anti-bio fouling painting has
been completed.
Auxiliary Sea Water Pump has been commissioned along
with Steam Water System components by circulating sea
ZDWHUIURPWKHRႇVKRUHLQWDNHVWUXFWXUHWRFRROWKHUDZ
water, thereby to maintain the temperature of high power
motor (10.2 MW) driving the boiler feed pump. With this,
the commissioning of steam generators has been taken
up. Regarding steam water system commissioning, the
temporary stop log gates have been removed from sea

water intake structure to draw sea water into condensate
FRROLQJV\VWHP&RQGHQVHUWXEHVLGHZDWHU¿OOWHVWKDV
been completed.
Inspection system
The movement of In-Service Inspection (ISI) vehicle for
main vessel bimetallic joint (DISHA) has been successfully
demonstrated in the mock up facility. On gaining adequate
FRQ¿GHQFHLQPRFNXSIDFLOLW\',6+$YHKLFOHZDVPRYHG
in reactor assembly and the Roof Slab bimetallic joint was
visually recorded towards accumulating the base line
data. In this process, the vehicle insertability, retrieval and
visual inspection of the weld joints on the upper portion
of the main vessel were established.
All the construction activities have been completed
and commissioning of sodium systems is in advanced
stage. AERB granted permission to carry out the
pre-requisite activities before filling the sodium in
secondary sodium circuit-1 (east loop). BHAVINI has
successfully commissioned the activities meeting all
the stipulations without having any safety problems,
particularly without any sodium leak.
The project has achieved an overall physical progress
of 97.64% at the end of January-2016 and is marching
WRZDUGVDWWDLQLQJLWV¿UVWFULWLFDOLW\

Fig. 3 Sea water intake structure
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II.2

Experimental Simulation of the Behavior
of SGDHR System of PFBR during SCRAM
and Station Black Out

S

afety Grade Decay Heat Removal (SGDHR) system
of PFBR is designed to pick up the decay heat from
the hot pool of the reactor through decay heat exchanger
(DHX), transport it to the sodium to air heat exchanger
(AHX) through the piping system and then reject it to
the atmospheric air through air heat exchanger. The
FKLPQH\SURYLGHGLQWKH6*'+5V\VWHPGULYHVDLUÀRZ
through the shell side of air heat exchanger by natural
convection.

Reactor transients will lead to temperature variations
in the hot pool sodium and the magnitude and rate
of temperature variation in the hot pool sodium will
KDYH LQÀXHQFH RQ WKH KHDW WUDQVSRUW FKDUDFWHULVWLFV
of the SGDHR system. Experiments were conducted
in SADHANA facility to study the response of the
heat transport system to the design basis reactor
transients. The rate of reduction of hot pool sodium
temperature is found to be maximum during reactor
SCRAM among all the design basis events based on
plant dynamics studies. The analysis revealed that
KRWSRROVRGLXPWHPSHUDWXUHIDOOVE\&LQWKH¿UVW
600 seconds and further 49°C in the next 600 seconds
from the initiation of spurious SCRAM. The rate of rise
of hot pool sodium temperature is found to be maximum
during the station black out (SBO) with one SGDHR
circuit unavailable and operation of other circuits are
initiated after a delay of half an hour. With this condition,
the plant dynamics studies have indicated that the hot
pool lower part sodium temperature falls from 547°C
E\ & LQ ¿UVW  VHFRQGV DQG KRW SRRO XSSHU SDUW
temperature rises from 520°C by 68°C in 11250 seconds.
The temperature variations predicted for those two
transients were simulated in the test vessel of SADHANA
IDFLOLW\ DQG WKH HႇHFW RI WKHVH SODQW WUDQVLHQWV RQ WKH
heat transport behavior of SGDHR system was studied.
SADHANA experimental facility is scaled down in
power compared to the SGDHR system of PFBR. The
schematic of the SADHANA facility is shown in Figure 1.
The nominal heat removal capacity of the facility is
N:7KHHOHYDWLRQGLႇHUHQFHEHWZHHQWKHWKHUPDO
centers of the secondary sodium system of SADHANA
is 19.5 metre. A vertical test vessel of 1000 mm OD
and 3000 mm height simulates the hot sodium pool of
the PFBR. It houses the model decay heat exchanger,
22 numbers of electrical heaters with capacity of 20 kW
each and sodium level probes. Decay heat exchanger
and air heat exchanger in SADHANA are similar to the
18

Fig. 1 Schematic of SADHANA facility

decay heat exchanger Type - A and air heat exchanger
Type - A in SGDHR of PFBR respectively. A chimney with
700 mm external diameter and 23 metres height at the
AHX outlet will induce the natural draft required for the
ÀRZ RI DLU DFURVV WKH DLU KHDW H[FKDQJHU WXEHV 7KH
required rate and magnitude of cooling sodium in the
test vessel is achieved by injecting cold sodium at a
temperature of 310°C. The rate of heating required to
simulate the station black out is achieved by electric
heaters.
The rate of reduction in hot pool sodium temperature
during spurious SCRAM is higher than the rate of
reduction in temperature of sodium in hot leg of SGDHR
circuit. Since the hot pool temperature is lesser than
the temperature of hot leg, the sodium in the SGDHR
circuit loses the heat through decay heat exchanger
also. This scenario was experimentally demonstrated
during the experiments.
The pool temperature inside the test vessel was reduced
by injecting cold sodium. The dampers were opened
DQGWKHIXOODLUÀRZFRUUHVSRQGLQJWRSRROWHPSHUDWXUH
was generated within a minute. The secondary sodium
ÀRZ VWDUWHG WR LQFUHDVH DQG UHDFKHG WKH PD[LPXP
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Fig. 2 Results of spurious SCRAM with immediate damper
open

Fig. 3 Results of spurious SCRAM - air damper fails to open

ÀRZ FRUUHVSRQGLQJ WR WKH SRRO WHPSHUDWXUH ZLWKLQ
 PLQXWHV 7KH VRGLXP ÀRZ UHGXFHG DV VRGLXP SRRO
temperature began to fall. During this transient the pool
temperature was lesser than the temperature of sodium
in secondary circuit. When the rate of drop in hot pool
temperature reduced, the heat loss of secondary circuit
through decay heat exchanger was also reduced.
Further decay heat exchanger started to pick up heat
IURPKRWSRRODQGWKHVHFRQGDU\VRGLXPÀRZLQFUHDVHG
and followed the pool temperature. The response of
temperatures at decay heat exchanger outlet, air heat
exchangerRXWOHWDQGVRGLXPÀRZLQVHFRQGDU\FLUFXLW
are shown in Figure 2. During a spurious SCRAM
incident if the dampers in the SGDHR system fails to
RSHQ WKH VRGLXP ÀRZ LQ WKH 6*'+5 FLUFXLW ZLOO EH
low compared to the damper opened case and the
ÀXFWXDWLRQVLQWKHVRGLXPÀRZDQGVRGLXPWHPSHUDWXUH
at heat exchanger outlets will be more severe. This
scenario is experimentally studied and observed that
when sodium in hot leg experiences less temperature
WKDQ FROG OHJ VRGLXP WKH VHFRQGDU\ VRGLXP ÀRZ
reduces and again rises when the temperature of hot
leg sodium is higher than cold leg sodium. Evolution
RIWHPSHUDWXUHDQGVRGLXPÀRZDUHJLYHQLQ)LJXUH
7KH ÀRZ GLUHFWLRQ RI VRGLXP LQ WKH VHFRQGDU\ FLUFXLW
during SCRAM was maintained same as initial without
DQ\ÀRZUHYHUVDO

was raised to 570°C by electrical heaters. The sodium
ÀRZ LQ VHFRQGDU\ FLUFXLW ZDV UHGXFHG LQLWLDOO\ DV
sodium pool temperature was falling and started to
increase along with increase in pool temperature. After
half an hour of initiation of transient, the dampers were
RSHQHG 7KH DLU ÀRZ UHDFKHG PD[LPXP LQ D PLQXWH
DQGWKHVRGLXPÀRZUHDFKHGPD[LPXPFRUUHVSRQGLQJ
to the pool temperature within 9 minutes after opening
RIGDPSHU7KHWHPSHUDWXUHHYROXWLRQDQGVRGLXPÀRZ
are shown in Figure 4.

The dampers were in crack open position. The cold
sodium was injected to reduce the pool temperature from
550 to 510°C within 10 minutes and pool temperature
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)RUUHSURGXFLQJWKHWHPSHUDWXUHSUR¿OHDVLQWKHUHDFWRU
transients during station black out, the sodium pool
temperature was reduced by injecting cold sodium and
the required rate of heating was achieved by immersed
heaters.

The behavior of the SGDHR system during design
basis plant transients was experimentally studied
in SADHANA facility. It has been observed that the
heat transport capability of the system follows the
hot pool sodium temperature for most of the cases.
7KHGLUHFWLRQRIÀRZLQVHFRQGDU\V\VWHPRI6*'+5
remained unchanged during all the design basis plant
WUDQVLHQWVZLWKRXWDQ\ÀRZUHYHUVDO

3.2
80

90

100 110 120

Time (min)

Fig. 4 Results of station block out with half hour delay in
damper open
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II.3

Performance Testing of PFBR Sonar Device

V

ibration measurement of PFBR fuel subassemblies
during commissioning is a safety requisite. It is
planned to measure subassembly vibrations in PFBR
during its isothermal operation at 200 °C with dummy
subassemblies in the core. Since conventional contact
type sensors such as acceleroemeters, strain gauges
etc. cannot be used for high temperature under sodium
measurements, sonar device employing ultrasonic
technique was developed.

Sonar device is equipped with three ultrasonic sensors
at the bottom of the spinner tube (Figure 1). Sensors
S1 and S2 are mounted at an angle of 30 ° with the
horizontal and the sensor S3 is at an elevation of 680 mm
above S1 and S2. S1 and S2 are used to focus on to the
subassembly crown region for vibration measurement.
S3 is focussed to the central canal shroud tube in the
control plug, which is the stationary reference used for
the measurement.
The developed sonar device was assembled and tested
for its performance. A vessel with subassembly heads
positioned inside was used for performance testing.
Figure 2 shows the test setup. During the preliminary
testing, focusing trials on single subassembly head
and multiple subassembly heads were carried out.
Ultrasonic sensors were excited using the pulserreceiver units and the signal was monitored in the data
DTXLVLWLRQ V\VWHP '$6  7KH ¿UVW SKDVH RI VWXGLHV
was conducted by exciting the target (subassembly
head) using electro-dynamic exciter with known
frequencies. The ultrasonic sensor S1 was excited
using the pulser receiver and signal from the sensor
S1 was recorded. Using the developed software

Fig. 2 Water test setup
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Fig. 1 Bottom end of sonar device

vibration signal was extracted and compared with the
reference LVDT installed on the target. The experiments
were repeated with frequencies in the range of
2 to 10 Hz and with random signal. Figure 3 shows a
typical test result plot representing the time signal as
well as its frequency spectra.

Fig. 3 Typical test result plot when subassembly excited
with 4 Hz
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(a)

(b)

(c)

Fig. 4 Test result plot (subassembly excited at 4 Hz and sonar device at 3 Hz)

In the second phase of experiments, target was
made stationary and sonar device was excited using
electro-dynamic exciter. These experiments were also
conducted for various excitation frequencies from
2 to 5 Hz and the signal from side viewing sensor S3,
movement of sonar device was measured and compared
with reference LVDT installed on the sonar device.
This study was conducted to assess the performance
of sensor S3, which in the case of reactor, is focused
on the shroud tube of the central canal which is the
stationary reference target for vibration measurement.
During vibration measurements inside the primary
pool of a FBR, there can be random movement of the
VRQDUGHYLFHLQWKHWXUEXOHQWFRRODQWÀRZ+HQFHWKLV
study was conducted towards developing the vibration
compensation technique.
In the third phase of measurements, both the target
subassembly head and the sonar device were excited
using electro-dynamic exciters and simultaneous
measurements were carried out using sensor S1 and
S3. Sensor S1 measured the vibration of the target
whereas sensor S3 measured the vibration of the sonar
device. Studies were carried out with various excitation
frequency combinations. Figure 4 shows typical time
plots and frequency spectra, when target subassembly
is excited at 4 Hz and sonar device at 3 Hz. Since, sonar
moving at 3 Hz is measuring the vibration of the target,
which is at 4 Hz, both the frequency components can
be seen in the frequency spectra and in the time signal
from S1 (Figure 4a) whereas S3, which is focused to the
¿[HGUHIHUHQFHPHDVXUHVWKHVRQDUYLEUDWLRQZKLFKLV
3 Hz (Figure 4b). When the excitation of sonar is

stopped, S1 signal represents purely the target vibration
which is at 4 Hz (Figure 4c).
In all the measurement campaigns, sonar device was
able to reliably measure the vibration of the target as
well as the sonar device. After measuring both the
amplitudes of vibration, vibration compensation was
carried out applying the correction factor. Eventhough
sensors S1 and S3 are installed in the same vertical
plane, sensor S1 measures the amplitude of vibration
of target with respect to the sonar device at an angle
of 300 with the horizontal, whereas S3, which is at
00 to the horizontal, measures the amplitude of vibration
of sonar device. Sensor S3 is located at an elevation of
688 mm above sensor S1. So, in order to exactly measure
the vibration of the target, sonar device vibration needs
to be corrected. The correction factor, Cf is calculated
as 0.921. Hence, the corrected vibration amplitude,
x will be
x = Amplitude of S1- (Cf x Amplitude of S3)
Amplitudes measured during the performance testing
of sonar device was tabulated after applying the
correction factor and was found to be matching well
with the reference LVDT reading.Using sonar device,
measurements will be carried out on selected 5 fuel
VXEDVVHPEOLHV LQ GLႇHUHQW ]RQHV RI WKH FRUH 6RQDU
device is installed in the central canal of control plug.
By suitable combinations of rotation of SRP and LRP,
sonar device can be positioned on top of each of the
subassemblies and it can access any region within a
diameter of 2670 mm in PFBR core.
21
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II.4

Simulation of Ultrasonic Detection of Protrusion
of Fuel Subassemblies in PFBR

B

efore starting any fuel handling operation during
shutdown in PFBR, it is requried to ensure that no
subassembly is protruded beyond the allowable limit
and the gap between the top of subassemblies and the
core cover plate is free from any obstruction. Due to
the opaque nature of sodium, only an ultrasonic wave
propagation based technique can be used for detection of
protrusion of subassemblies. Towards this, an ultrasonic
scanner has been developed and the test procedure has
been developed for under sodium ultrasonic scanning
(USUS) by performing various under water experiments
in a 5 m diameter water tank. The methodology is based
RQWKHGURSLQWKHUHÀHFWLRQDPSOLWXGHIURPWKHSHULSKHUDO
subassemblies (PSAs) in case of a subassemly
protrusion. The PSAs are the shielding subassemblies
in the last row with rings of 130 mm diameter and
100 mm height placed on them. In the experiment, the
FRUHZDVGLYLGHGLQWR¿YHVHFWRUVEDVHGRQV\PPHWU\
,QHDFKVHFWRUSURWUXVLRQVRIGLႇHUHQWVXEDVVHPEOLHV
were simulated and ultrasonic signals were acquired at
0.6 MHz using a side viewing under sodium ultrasonic
transducer. Due to the space restrictions in scanning
FRPSOHWH SHULSKHUDO VXEDVVHPEOLHV DQG GLႈFXOW\ LQ
interpreting multiple echoes resulting from PSAs, CIVA
simulation and development of a 1/10th scale model of
the PFBR core were undertaken to simulate various
subassembly protrusion scenarios in PFBR. CIVA
software is a platform to simulate actual NDT testing.
,QRUGHUWRYDOLGDWHWKH&,9$VRIWZDUHIRULWVHႈFDF\LQ
simulating the USUS phenomenon, various simulation
studies, equivalent to the under water studies performed
LQ WKH  PHWUH WDQN ZHUH ¿UVW XQGHUWDNHQ$ ZDWHU
sample of thickness 500 mm and diameter of 5500 mm

(a)

(b)

was considered. Figures 1a and 1b show typical
experimental and CIVA simulated B-scan images
corresponding to a subassembly protrusion at 3 metre
GLVWDQFH IURP WKH WUDQVGXFHU 7KH VWXG\ IRU GLႇHUHQW
VHFWRUVFRQ¿UPHGWKDW&,9$VLPXODWLRQFDQEHHႇHFWLYHO\
used to study the USUS phenomenon. To gain deep
insight into the observed phenomenon and establish
a mock-up facility for performing simultaneous scan of
the complete core with various protrusion scenarios,
a 1/10th scale model of PFBR core was envisaged
and fabricated. Figure 1c shows the photograph
of the 1/10th model. The diameters of the core and
the subassemblies were taken to be 590 mm and
12.7 mm, respectively. The height of a PSA was
considered to be 50 mm. The height of the core
subassemblies was considered to be 40 mm (normal
level). The protrusions considered above the normal level
were 2.5, 5, 7.5 and 10 mm. A detailed CIVA simulation
was performed to arrive at the transducer properties to
have similar divergence as observed in the actual PFBR
core. As the immersion transducer of 1/10th diameter
(2.5 mm) was not commercially available, a spherically
focused immersion transducer of 9.5 mm diameter with
focal length of 45 mm was found suitable as its 6 dB
divergence (4.5°) at 500 mm matches well with that
of the 1 MHz side viewing under sodium ultrasonic
transducer at 5 metre (5.2°) in PFBR. Figures 1d and 1e
show typical experimental and CIVA simulation B-scan
images obtained from SURWUXVLRQVDWGLႇHUHQWORFDWLRQV
The protrusions are very clearly seen in both the images.
The 1/10th model and CIVA simulation are of immense
use in understanding complex signals and simulating
YDULRXVSURWUXVLRQVFHQDULRZKLFKLVGLႈFXOWWRDFKLHYH
in experiments involving actual sized samples.

(d)

(c)

(e)

Fig. 1 (a) Experimental and (b)CIVA simulated B-scan images corresponding to a subassembly protrusion at 3 metre
distance from the transducer, (c) 1/10th model of the PFBR core, (d) experimental B-scan image of 1/10th scale core
with three protrusions at different locations and (e) B-scan image from CIVA simulation with three protrusions at
different locations
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Optimization of Primary Sodium Heating Rate
to Reduce Power Raising Duration based
on Control Plug Life

II.5

T

he heating rate of primary sodium is of concern
during start-up of the reactor. In PFBR, after the
shutdown of the reactor, the temperature of both
hot and cold pool sodium will be at 453 K. During
raising of the power, gradually the temperature of
SULPDU\ VRGLXP ZLOO EH LQFUHDVHG DW D VSHFL¿HG UDWH
Traditionally, a slow heating rate of 20K/h is considered.
This requires about 20 hours for raising of the power.
Higher rate of sodium heating may cause creep and
fatigue damage to the reactor components which are
immersed in hot pool sodium like control plug (CP)
bottom, intermediate heat exchanger (IHX) and inner
vessel. In this study, the damage, possible in the control
plug bottom as a function of heating rate at the critical
region has been determined and the dependence of
CP life on the heating rate is estimated. The heating
rates considered in this investigation are 20, 40
and 60 K/hr. The evolution of sodium temperature at the
top of the fuel subassembly for various heating rates is
shown in Figure1.
Geometric details
The control plug bottom portion (which is immersed in
hot pool sodium) consists of core cover plate (CCP),
upper stay plate (USP), lower stay plate (LSP) and outer
shell. The USP shell junction is the most critical location
because there is argon cover gas over the sodium free
level and when the sodium temperature is increased,
the argon gas temperature also rises. Moreover, the
rise in sodium level results in abrupt changes in the
material properties of the CP at this location. Thus, the
analysis has been focused on the CP at USP and the
outer shell junction.
Loading conditions for upper stay plate
The level of hot pool sodium (at 453 K) at the start of
power raising is ~ 26700 mm. After reaching full power
(820 K), the hot pool sodium level reaches 27400 mm.
The maximum sodium temperature at the inner surface

Fig. 1 Evolution of sodium temperature at the top of the fuel
subassembly

of the CP is 853 K. Thus the sodium level increases
by 700 mm while gaining 400 K temperature rise. The
temperature of sodium within the CP is 7 K over the
outside temperature.
The argon temperature is calculated using the formula
given below and is updated at each iteration.
TAr = (((393.0 + TNa) / 2.0) + TNa) / 2.0
Where TNa is sodium temperature (K) and TAr is argon
gas temperature (K).
The time taken to heat the primary sodium and the rise
in sodium level at all the three heating rates considered
are given in Table 1.
Analysis and results
Axi-symmetric model of the USP and the outer shell
with 2430 four noded isoparametric elements has been
HPSOR\HG IRU WKH ¿QLWH HOHPHQW DQDO\VLV 7UDQVLHQW
analysis of the CP with the above mentioned loading and
boundary conditions has been carried out. The evolution
of temperature at the CP and the critical locations
(A - inner surface, B - outer surface, C - maximum stress)
WKDWDUHLGHQWL¿HGDUHVKRZQLQ)LJXUH
The maximum stresses determined from the analysis

Table 2: Maximum stresses in MPa

Table 1: Input parameters used in the analysis
Heating rate

Heating time

Rise in sodium level

Heating rate

(K/hr)

(hours)

in hour (mm)

(K/hr)

20

20.0

35

40

10.0

60

6.6

Location A

Location B

Location C

20

41.3

51.4

91.1

70

40

51.7

68.4

160.0

105

60

55.6

76.0

225.0
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Fig. 2 Evolution of temperature at the upper stay plate junction in control plug during reactor start-up (at 20K/hr)

at the critical locations for the three heating rates are
given in Table 2.
Assessment of creep-fatigue damage
The creep and fatigue damages have been calculated
with the stresses obtained during power raising
as per RCC-MR RB. It is found that Location-C
is the critical region. The results at the critical
region for various heating rates are given in
Table 3.

Recommendations

The results show that the number of cycles permissible

Detailed analysis has been carried out to investigate the
possible damage caused in the control plug due to the
heating rate of primary sodium during power raising. The
fatigue damage per cycle caused due to power raising
at the maximum stress location for heating rates of 20,
40 and 60 K/hr are 1.54x10-17, 1.19x10-10 and 9x10-7
respectively and the corresponding creep damage per
cycle are 5.35x10-6, 3.4x10-5 and 5.1x10-5. When the
values at full power for 1000 cycles are considered,
the number of allowable cycles for heating rates of
20, 40 and 60 K/hr are 1185, 1145 and 1121 cycles
respectively. Thus, a sodium heating rate of 60 K/hr
is acceptable during power raising in view of control
plug life. This reduces the power raising duration from
20 hours to 6.6 hours. However, the other components
which are immersed in hot pool sodium i.e., inner vessel
and intermediate heat exchanger, are being analyzed
IRUWKH¿QDOUHFRPPHQGDWLRQRIWKHVRGLXPKHDWLQJUDWH
during power raising.

Table 3: Creep fatigue damage at start-up

Table 4: Creep fatigue damage at full power

Assessment of creep-fatigue damage at full power
The creep and fatigue damages (per cycle) of CP at
full power for 1000 load cycles, with a hold time of
200 hours per cycle are 0.8238x10-3 and 0.546x10-5
respectively and the number of permissible cycles is
1192.The number of permissible cycles has been taken
from the elastic route of RCC-MR at 823 K. These values
will be much higher (at least 3 times the life) if an inelastic
route is followed.
7KHVH YDOXHV DUH IRU WKH FDVH RI 6&5$0 ZLWK ÀRZ
reduction to 20 % in primary sodium pump. This damage
is added to the damage in Table 3 to get the number of
cycles permissible as shown in Table 4.
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is greater than 1000 load cycles for all the cases. The
decrease in the number of cycles due to the sodium
heating rate during power raising is 7 cycles at 20 K/hr,
47 cycles at 40 K/hr and 71 cycles at 60 K/hr.

Heating rate

Fatigue

(K/hr)

damage

20

1.545 x 10-17

5.35 x 10-6

40

1.190 x 10-10

3.40 x 10-5

60

9.000 x 10-7

5.10 x 10-5

Creep damage

Heating
rate (K/hr)

Total fatigue
damage
( x 10-6 )

Total creep
damage
( x 10-6 )

Number of
permissible
cycles

20

5.46

8.29

1185

40

5.46

8.58

1145

60

6.36

8.71

1121
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II.6

Shield Design for Fresh Fuel Transport Cask

F

resh fuel transport cask is a cylindrical vessel
measuring a height of roughly 5 metre and a
diameter of 87.5 cm with 1 cm thick structural steel all
around and a central axle as shown in Figure 1. Six
fresh fuel subassemblies can be transported using this
cask. The fuel subassemblies are accommodated in a
hexagonal pattern on a pitch circle of diameter 60 cm.
In the axial direction 6 cm thick carbon steel plates are
provided above upper axial blanket and below lower
axial blanket. Shielding and criticality analysis for this
cask has been carried out by modeling the geometric
details of the cask using the 3D transport code MCNP.
Plan and sectional view of the transport cask simulated
using MCNP are shown in Figures 2 and 3 respectively.
Fresh fuel subassembly contains both neutron and
gamma ray sources. Neutrons are emitted due to
VSRQWDQHRXV¿VVLRQDQG Į, n) reaction. Gamma rays
DUH HPLWWHG GXH WR ¿VVLRQ SURGXFW DFWLYLWLHV RI WKH
reprocessed PHWR uranium oxide fuel. The neutron
and gamma source strengths of the fuel SA are
4.32x106 n/s/SA and 1.095x109 Ȗ/s/SA respectively.
Gamma energy is assumed as 1 MeV. For neutrons,

Fig. 1 Schematic of fresh fuel transport cask

Fig. 2 Plan View of the fresh fuel transport cask with
stiffeners

fresh fuel inherent neutron source spectrum has been
used.
As per the design criteria, the dose rate on contact at
the outer surface of the transport cask should be less
than 2 mSv/h and at 1 metre distance away from the
outer surface of the transport cask, dose rate should
be less than 100 μSv/h.

Fig. 3 Sectional view of the fresh fuel transport cask
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Table 1: Estimated dose rates outside the cask with 11 cm carbon
steel shielding

Table 2: Estimated dose rates outside the cask
(1 cm shell +11 cm carbon steel + 3 cm Polyethylene)

Dose rate on contact (μSv/h)
Neutron

Gamma

Detector Location

Total

C

M

C

M

C

Single FSA

793.2

792838

845.2

9241080

1638.4

17541894

Cask with
6 FSAs

537.2

592

2.4

9.1

539.6

601.1

Neutron
C

M

Gamma

Total

C

M

80.4

65-81

99

73

Single FSA

41

31- 45

39.4

3342

Cask with
6 FSAs

98.4

70

0.6

3

* C -Calculated dose rate

C

M

M - Measured dose rate

With 11 cm thick carbon steel radial shield, dose rates
on contact and at 1m distance are estimated. Estimated
dose rates are given in Table 1. Estimated dose rates
due to single FSA as well as FSAs loaded cask are
compared with measured dose rates reported by FBTR
station health physicist. It is seen that the estimated
dose rates are in good agreement with the measured
dose rates. Among the neutron and gamma sources,
neutron sources only dictate the shield design. Dose
rate less than 100 μSv/h at 1 metre distance away
from transport cask is the limiting criterion in deciding
the shield.
With 11 cm thick carbon steel radial shield, dose rate

II.7

Gamma

Total

On contact

298.5

2

300.5

At 1 m distance

52.9

0.5

53.4

at 1metre distance is just meeting the criteria without
any safety factor. As polyethylene is a good neutron
shielding material, introducing polyethylene between
the cask shell and FSAs has been analyzed. To meet
the design limit with safety factor, a combination of
11 cm thick carbon steel and 3 cm polyethylene shield
LV UHTXLUHG :LWK WKLV VKLHOG FRQ¿JXUDWLRQ HVWLPDWHG
GRVHUDWHVRQFRQWDFWDQGPGLVWDQFHIURPWKHVWLႇHQHU
surface are given in Table 2.
&ULWLFDOLW\DQDO\VLVKDVEHHQFDUULHGRXWLQZDWHUÀRRGHG
FRQGLWLRQ(VWLPDWHGHႇHFWLYHPXOWLSOLFDWLRQIDFWRUIRU
WKHFDVNLQZDWHUÀRRGHGFRQGLWLRQLV ZLWK
uncertainty included). These calculations are done
conservatively with fresh core-2 fuel SAs. When FSAs
FRPHFORVHUWKHPD[LPXPNHႇHVWLPDWHGLVIRU
the pitch distance of 16 cm. As per PFBR safety criteria,
FRQVHUYDWLYHO\FDOFXODWHGNHႇXQGHUZRUVWFRQGLWLRQV
shall not exceed 0.95. Since the estimated maximum
NHႇLVOHVVWKDQWKHGHVLJQOLPLWWKHUHLVQRFRQFHUQ
with respect to criticality due to the movement of the
fuel assemblies towards the centre.

Response Time Evaluation
of PFBR Core Temperature Monitoring Probe

I
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Neutron

M

Dose rate at 1 metre distance (μSv/h)

Dose rate (μSv/h)

n PFBR, core temperature monitoring probes are
positioned above each of 210 core subassemblies to
monitor temperature of sodium. Each probe consists
of 12 metre long two (duplex) MgO insulated K Type
thermocouples inserted into a SS thermowell. The
thermowell is an integral part of control plug. The probe
is designed for continuous and reliable operation without
maintenance for minimum of 40 years. It is immune to
vibrations, mechanical and thermal shocks encountered
during transportation, installation and operation. The
schematic of the probe is shown in Figure 1.

Thermal response time is an essential parameter
for temperature measurements or controls quick
temperature changes. The presence of thermowell
makes the thermal response time much longer and it
is necessary to measure the response time of probe
(combination of thermocouple and thermowell).
Thermal response time of the thermocouple is the
time required by the thermocouple to attain 63.2 % of
the total voltage change. It is a function of rate of heat
flow into or out of the thermocouple assembly.
In case of core temperature monitoring, the thermal
response time for each thermocouple shall be within
6±2 seconds and maximum allowable deviation between
both thermocouples in the probe shall be less than 5 oC.

Fig. 1 Schematic of core temperature monitoring probe

The core temperature monitoring probe was tested
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in a constant temperature sodium bath for thermal
response measurements. The experimental setup
consists of a cylindrical SS container with hole at top
ÀDQJHIRULQVHUWLQJWKHUPRFRXSOHDVVHPEO\ DORQJZLWK
thermowell). Argon inlet was provided at the top of the
ÀDQJH WR PDLQWDLQ LQHUW DWPRVSKHUH RYHU VRGLXP LQ
WKHFRQWDLQHU7KHWRSÀDQJHZDVSURYLGHGZLWKD66
stopper for positioning the thermowell. The stopper
helped in retaining constant depth/position for the
thermocouple at every insertion. The sodium container
was provided with 500 W quartz insulated cord heater to
KHDWWKHVRGLXPXSWR&6LOLFRQ&RQWUROOHG5HFWL¿HU
(SCR) based Proportional Integral Derivative (PID)
controller was used for controlling sodium temperature.
Two K-type MgO insulated SS sheathed thermocouples
were used for sodium temperature measurement and
control. Photograph of the experimental setup is shown
in Figure 2.
About 250 gram of sodium in the form of brick was
loaded into the SS container and heated to desired
temperatures using surface heaters. Argon gas was
purged continuously to maintain inert atmosphere above
sodium. The duplex thermocouple was connected to two
channels (channel 1 and channel 2) in data acquisition
system (DAS) and continuous temperature recording
with sampling time of 150 milliseconds was carried out.
Experiments were carried out at sodium temperatures
of 350 and 450 oC. At each sodium temperature, the
thermocouple along with thermowell was inserted rapidly
into the sodium bath and the rise in temperature was
recorded using DAS. The consistency in response
time of thermocouples was studied by repeating the
H[SHULPHQWIRXUWLPHVDWHDFKWHPSHUDWXUH7KHHႇHFW
of gap between thermocouple tip and thermowell on
thermal response time was studied by maintaining
constant gap (0, 1, 2 and 3 mm) between thermocouple
tip and thermowell in the probe.
The measured response times at various gaps
maintained between thermocouple tip and thermowell

(a)
Fig. 2 Experimental setup
of sodium bath

Table 1: Response time of thermocouple
S.
No.

Temp
(°C)

Gap
between Tc
and Th. well
(mm)

Channel 1

Channel 2

Response time (s)

1

350

0

6.0±0.4

5.7±0.5

2

350

1

5.4±0.4

7.1±0.2

3

350

2

5.1±0.6

6.9±0.2

4

350

3

4.8±0.8

7.1±0.6

5

450

0

5.4±0.4

5.4±0.4

6

450

1

5.3±0.5

7.3±0.4

7

450

2

6.5±0.4

6.8±0.4

8

450

3

6.6±0.2

6.6±0.7

are given in Table 1. Typical thermal response curves
for duplex thermocouples at 350 and 450 oC are given
in Figures 3a and 3b respectively.
Thermal response time of both thermocouples in the
core temperature monitoring probe was found to be
comparable and there was not much variation in thermal
response time of probe measured at temperatures
of 350 and 450 oC. It was observed that the thermal
response time of the probe increases with increase
in gap between thermocouple tip and thermowell. It
was also observed that thermal response time of the
probe is a function of gap between thermocouple tip
and thermowell and the speed at which the probe is
dipped into hot sodium. Since dipping was carried out
manually, there is randomness in measured response
time. However, all the values are observed to be within
WKHVSHFL¿HGOLPLW
Thermal response time of core temperature measuring
probe was evaluated by rapid insertion into sodium bath
at constant temperature. The response time of both the
individual thermocouples of the duplex thermocouple
was found to be within the specified allowable
limit (6±2 seconds). The deviation between both
thermocouples in the probe was found to be less than 1 oC.

(b)

Fig. 3 Response of thermocouple at (a) 350 oC and (b) 450 oC
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II.8

Experiments on Sodium Leak in LEENA Facility
ZLWK0RGL¿HG:LUH7\SH/HDN'HWHFWRU/D\RXW

W

hen a sodium leak occurs, the leak rate, the total
quantity of sodium leaked and leak detector layout
governs the detection time. Early detection of leak is
needed for minimizing the quantity of sodium leaked
to outside and consequent damages. Wire type leak
detectors (WLD) working on conductivity principle are
used for detecting sodium leak in the secondary sodium
circuits of PFBR. It is required to assess the performance
of wire type leak detectors associated with its layout
DQG FRQ¿UP WKDW WKH\ DUH PHHWLQJ WKH UHTXLUHPHQWV
It was found from the upper boundary curve based on
LEak Experiments in NAtrium (LEENA) and FUTUNA
(CEA facility) experimental results with present PFBR
leak detector layout (wire type leak detectors positioned
at 900 on either side) that a leak rate detection of 200 g/h
and above can be achieved within 6.7 hours. To improve
the detection capability of the leak detector layout,
PRGL¿HGOD\RXWZDVDUULYHGIRUODUJHVHFRQGDU\FLUFXLW
SLSHOLQHVRI)%56RGLXPOHDNH[SHULPHQWVZLWKPRGL¿HG
leak detector layout were conducted in LEENA facility
ZLWKGLႇHUHQWVRGLXPOHDNUDWHV
Experimental setup and details of the experiment
Sodium leak experiments with wire type leak detectors
positioned at 90° on either side by taking top as 0°
were conducted earlier on horizontal test section of dia
790 mm. 7KLV WHVW VHFWLRQ 76  LV PRGL¿HG ZLWK WZR
additional wire type leak detectors at 45° on either side
by taking top as 0°. Leak simulator is provided at the
top 0° position in this test section. Maximum distance
between the leak point and wire type leak detector is
310 mm in test section. 7HVWYHVVHO 79 ZDV¿OOHGZLWK
sodium up to middle level and the sodium temperature
was raised to 550°C. Test section and its associated lines
were heated to 550°C. Sodium leak experiments were
carried out by opening leak simulator and test section
inlet valve. Reduction in test vessel sodium level was

Fig. 1 Test section 1 after sodium leak experiment
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Table 1: Experiment results
Trial
number

Total quantity
leaked out (g)

Leak rate
(g/h)

Detection
time (min)

1

64

191

20

2

209

202

62

3

244

276

53

4

186

506

22

5

513

879

35

noted and total quantity of leaked sodium, leak rate and
detection time were calculated. Sodium leak experiments
ZHUHUHSHDWHGZLWKGLႇHUHQWVRGLXPOHDNUDWHV
Experiment results
In the leak test facility 5 experiments were completed
and the results are given in Table 1. Figure 1 shows
the test section after sodium leak experiment. The
experiments have shown that many factors are involved
in the detection of sodium leak. It depends on the
insulation material packing condition, distance between
the leak point and detector, pipe geometry, temperature
etc. To get the trend of detection time with leak rate,
experimental results are plotted. Conservatively an
upper boundary curve of the experimental points is
drawn. The equation of the upper boundary curve is
y = 137.48 x -0.1467
Comparison of leak rate (x) versus detection time (y) upper
boundary curves based on sodium leak experiments
conducted with PFBR layout (WLDs positioned at 90°)
DQGVRGLXPOHDNH[SHULPHQWVZLWKPRGL¿HGOHDNGHWHFWRU
layout (WLDs positioned at 45°) are given in Figure 2.
It was also observed that there was considerable
UHGXFWLRQLQGHWHFWLRQWLPHZLWKPRGL¿HG:/'OD\RXW
This is due to the reduction in distance between leak
point and leak detector (reduced from 621 to 310 mm).
From the experiments it was found that a leak rate of
200 g/h can be detected in one hour.

Fig. 2 Comparison of upper boundary curves of WLD layout
at 90° and WLDs at 45°
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II.9

Assessment of Structural Integrity of the Cut
and Rewelded PFBR Fuel Pin by High Temperature
and High Pressure Experiment

I

n case of Fast Breeder Reactor (FBR) core, Fuel
Subassembly (FSA) is the source of heat from nuclear
¿VVLRQ7KHVHORQJVWDQGLQJYHUWLFDO)6$VDUHUHVWLQJRQ
the sleeves of the grid plate. The schematic of a typical
FSA is shown in Figure 1a. The coolant enters the FSA
at the bottom and gets heated up while going upward
and leave the FSA at the top. Each FSA houses as 217
fuel pins arranged in a triangular pitch (Figure 1b). The
clad encapsulates the fuel, forms the primary barrier to
prevent the release of radioactive materials. Thus, the
integrity of the clad is to be ensured under all operating
conditions. Longer life of the clad tube will provide
longer periods of uninterrupted reactor operation. Hence
utmost care has been considered while manufacturing
of the clad tube. The typical fuel pin end plug weld is
shown in Figure 1c. The thin clad tube is welded with the
relatively thick end plug as shown in Figure 1c. The clad
tube has an outer diameter of 6.6 mm and thickness of
0.45 mm. Welds are the weakest elements in the
pressure boundary of the fuel clad tube. Nuclear codes
specify stringent inspection requirements to ensure
highly reliable primary radioactive barrier to prevent
the release of radioactivity. Structural reliability of the
clad tube is governed by the robustness of weld at the
fuel pin end plug. Structural fabrication codes do permit
repairs, but they are silent on the number and type of
repairs that can be allowed in the structures.
Heat input due to the welding process apparently causes
UHFU\VWDOOL]DWLRQ LQ WKH KHDW DႇHFWHG ]RQH +$=  DQG
creates large-sized grains in the fusion zone. This type
of heterogeneous microstructure of the weldment will
create complex material behaviour at high temperatures.
This results in further reduction of strength in the vicinity
of the repair due to changes in the microstructure and
mechanical properties. During the fabrication of fuel
pin, it may be required to cut open and re-weld top end
plug due to weld defect. The cut open and re-welded
fuel pin may result in shortening of the clad length by
IHZKXQGUHGPLFURQV7KH+$=RIDURXQGIHZKXQGUHG
microns may now get in the new weld zone. Sound joints
without defects could be obtained after repeated cut and
weld repairs. The UDQJHRI+$=VRIWKHZHOGUHSDLUMRLQWV
will become wider than that of the original joint.
Four fuel pin samples, with and without manufacturing
deviation have been subjected for simultaneous

testing, so that degradation in life due to manufacturing
deviation can be assessed experimentally. Accordingly
an accelerated creep test has been carried out for the
cut and re-welded fuel clad tube towards ensuring the
required life for the reactor operating condition. The
material used for the construction of test specimen was
20% cold worked alloy D9 (15Cr-15Ni-Mo-Ti-Si). This is
same as the prototype fuel pin for the FBR application.
The minimum yield strength (ıy) of this material is
388 MPa at 913 K temperature and minimum ultimate
tensile strength (UTSmin) is 478 MPa at 913 K.
Larson-Miller Parameter (LMP) is followed to arrive at the
test temperature. The assumed correlations for arriving
at the test conditions are given below:
Out of pile creep rupture life is
Log (tr) = [(5.712–Log (ı))/(2.3479x10-4 T)]–13.5
and the In pile creep rupture life is given by
Log (tr ) = [(5.4042–log(ı))/(2.244x10 -4 T)]-13.5
where tr is the rupture time in hours, ı is the applied
stress in MPa and T is the temperature in degree K.
7KHWHVWIDFLOLW\FRQVLVWVRIDSUHVVXUHFKDPEHU¿OOHGZLWK
argon gas and it is pressurized upto 100 bar pressure.
Four fuel pins having 6.6 mm outer diameter and

(c)

(a)

(b)

Fig. 1 The schematic of the (a) PFBR FSA, (b) fuel pin and
(c) end plug with manufacturing deviation
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0.45 mm wall thickness are welded to the common
pressure chamber. The pins are enclosed in a furnace
and heated up to 973 K, using the nichrome heating
element. The experimental arrangement is shown in
Figure 2. Two thermocouples (K-type) kept on the weld
junction are used to monitor the temperature of the
specimen during the experiment. The fuel pin end plug
portion is kept inside a furnace, which is provided with
VXႈFLHQWLQVXODWLRQ3UHVVXUHLVSHULRGLFDOO\PRQLWRUHG
using the analog pressure gauge (Bourdon pressure
gauge). The sudden drop of the steady state pressure
in the chamber will be indicative of the tube failure. The
hotspot temperature at the end plug location of the fuel
pin under normal reactor operation is 913 K.
The cumulative damage fraction (CDF) apportioned for
the reactor normal operating condition is 0.25. For the
57 bar pressure and 953 K temperature at the top of
the active core region, the CDF is about 0.25 which is
maximum at any location in the pin. The corresponding
CDF at the end plug region for the same pressure and
at a temperature of 913 K is 0.067. For this estimation,
in-pile correlation is used even in the weld region.
The actual dose at the end plug region is negligible
when compared to the active core region. Accordingly,
if out-pile correlation is considered for the damage
estimation at the end plug region, the CDF is only 0.02.
The reduction is due to higher time taken to rupture for
similar conditions in out-pile correlation. However, for
TXDOL¿FDWLRQRIWKHHQGSOXJZHOGLUUDGLDWHGFRUUHODWLRQLV
only used conservatively and hence damage envisaged
is 0.067.
The test is conducted at a temperature of 973 K and
a pressure of 100 bar. The time required to rupture at
WKHHQGSOXJZHOGORFDWLRQIRUWKHGHVLJQTXDOL¿FDWLRQ
for the same CDF of 0.067 is 200 hours. With further

II.10

I

weld strength reduction factor of 0.5, the minimum time
required for out-pile experiments at a temperature of 973 K
and a pressure of 100 bars is 400 hours.
Under the accelerated experiments at a temperature of
973 K and a pressure of 100 bar, all the four fuel pins
completed 3600 hours without failure. This is more than
the required duration of 400 hours. Thus, the experimental
results demonstrated that, the manufacturing deviation
KDV QRW DႇHFWHG WKH UHTXLUHG VWUXFWXUDO UHOLDELOLW\ RI
fuel pin for the present design life consideration. This
UHVXOWKHOSVLQGHFLGLQJWKHXVHRIWKH¿UVWWLPHFXWDQG
re-welded fuel for the reactor application. The test is in
progress till the failure of all the fuel pins, so that the
degradation in life due to manufacturing deviation can
be ascertained experimentally.

Microstructural and Microchemical Changes
LQ/166DQG0RGL¿HG&U0R6WHHOV
on Exposure to Liquid Sodium in a BIM Loop
for 30,000 Hours

Q3)%5/1VWDLQOHVVVWHHO 66 DQGPRGL¿HG
9Cr-1Mo steel are the materials of construction for
intermediate heat exchanger and steam generator
respectively. These materials are in contact with
ÀRZLQJVRGLXPDWKLJKWHPSHUDWXUHZKLFKOHDGVWRWKH
mass transfer of substitutional and interstitial alloying
elements from high temperature to low temperature
regions due to dissolution. This results in reduction in
30

Fig. 2 Fuel pin test arrangement

wall thickness of components either due to complete
loss of alloying elements or preferential leaching of
HOHPHQWVIRUPLQJWKHPRGL¿HGVXUIDFHOD\HU)RUPDWLRQ
of a carburized or decarburized layer, depending on
carbon transport is a consequence of sodium corrosion,
causing degradation in the mechanical properties of
structural components. Both sodium corrosion process
DQG WKHUPDO DJLQJ SKHQRPHQRQ DႇHFW WKH SURSHUWLHV
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Fig. 1 Sigma phase detected in 316LN SS after 30000 h
at 798K

Fig. 2 Carbon depth profile obtained for 316LN SS
(a) experimentally by SIMS analysis and
(b) extrapolated for 60 years

of structural materials in service. Hence, specimens of
/166DQGPRGL¿HG&U0RVWHHOZHUHH[SRVHG
to flowing sodium for 30000 hours at 798 K in a
Bi-metallic sodium loop, which simulated the secondary
loop of PFBR and the changes in microstructural,
microchemical and mechanical properties were
assessed.

Based RQ WKH FDUERQ FRQFHQWUDWLRQ SUR¿OH REWDLQHG
from secondary ion mass spectrometry (SIMS)
PHDVXUHPHQWV HႇHFWLYH FDUERQ GLႇXVLRQ FRHႈFLHQW
-19 m2/s. Carburized
( Deff
C ) was calculated to be 6.8 x 10
depth for 316LN SS for 60 years of reactor operation was
calculated to be about 200 PPZKLFKLVQRWVLJQL¿FDQW
(Figure 2b). Type 316LN SS also showed an increase
LQVXUIDFHKDUGQHVVDQGWKHKDUGQHVVSUR¿OHH[WHQGHG
up to about 70-80 μm, indicating surface carburization.
0RGL¿HG&U0RVWHHOVKRZHGDYHU\PDUJLQDOLQFUHDVH
in the hardness at the surface which indicated neither
carburization nor decarburization. Tensile properties of
sodium exposed 316LN SS indicated a slight increase
in yield strength and ultimate tensile strength and a
large reduction in ductility compared to thermally aged
VSHFLPHQV )LJXUHD 0RGL¿HG&U0RVWHHOGLGQRW
VKRZ VLJQL¿FDQW FKDQJHV LQ VWUHQJWK DQG GXFWLOLW\ RQ
sodium exposure (Figure 3b). The drastic reduction
in ductility (~60%) in 316LN SS specimen after
sodium exposure was attributed to the formation of sigma
SKDVHDQGVXUIDFHFDUEXUL]DWLRQ6LJQL¿FDQWGHFUHDVH
LQLPSDFWHQHUJ\ZDVQRWLFHGLQPRGL¿HG&U0RVWHHO
on exposure to high temperature sodium which was
attributed to the formation of Laves phase on long term
WKHUPDODJLQJ6XUIDFHFDUEXUL]DWLRQGLGQRWLQÀXHQFH
the impact energy in 316LN SS on sodium exposure.

Dissolution of nickel and chromium from the surface
of sodium exposed 316LN SS was observed, while
sodium exposed modified 9Cr-1Mo steel neither
showed dissolution nor deposition of any element. The
DYHUDJH QLFNHO DQG FKURPLXP FRQWHQW ZDV §  ZW
each at a distance of 2 μm from the surface, thereby
FRQ¿UPLQJ IHUULWH OD\HU IRUPDWLRQ &RQFHQWUDWLRQ RI
nickel and chromium reached the base composition at
around 20 and 30 μm respectively. In 316LN SS, sigma
phase was detected by scanning electron microscopy.
The sigma phase was composed of 23.6 wt.% Cr,
8.3 wt.% Ni and 10.7 wt.% Mo. Sigma phase precipitated
at the grain boundaries as long stringers (Figure 1),
ZDV IXUWKHU FRQ¿UPHG E\ ;5' DQDO\VLV  ,Q VRGLXP
exposed condition 316LN SS showed the presence
of Cr7C3, Cr23C6 and sigma phase. Modified 9Cr1Mo steel showed the presence of Cr7C3, Cr23C6 and
Laves phase. 316LN SS was found to be carburized
after 30,000 hours of exposure to sodium (Figure 2a).

(a)

(b)

Fig. 3 Tensile curves for (a) 316LN SS and (b) modified 9Cr-1Mo steel after exposure for 30,000 hours at 798 K
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II.11

Design & Development of cPCI Bus
based 30 Channel Digital Input Card
for Safety Related I&C Systems

T

he current Safety Related I&C system architecture
for Prototype Fast Breeder Reactor consists of
dual VME bus based Real Time Computer (RTC)
systems with Switch Over Logic System. Since both
the VME systems are exactly identical, the dual
redundant system is prone to common cause failure
(CCF). Probability of the same can be reduced
by adopting diversity in RTC systems. Hence a
Compact PCI (cPCI) bus based RTC system is being
developed to replace one of the RTC in dual redundant
systems. Design & development of cPCI bus based
30 channel Digital Input card is described here.
%RDUGVSHFL¿FDWLRQV
 Number of channels: 32 Opto-isolated
 PCI controller and glue-logic integrated in to
spartan-6 LX9 FPGA
 Force-0 and Force-1 diagnostic logic provided
 32 bit diagnostic register to check data path
healthiness
 Clock fail detector
 Field connections brought through J5 connector
of the cPCI backplane
 Board failure indication: LED provided on fascia
panel
 Field interrogation voltage: 24V
 Board size: 233.4 mm X 160.00 mm X 1.6 mm
 Backplane connectors: J1 – 110 pin socket and
pin type Connector
 5HDU,2PRGXOHIRUFRQQHFWLQJ¿HOGLQSXWV
 Power requirements (max): 5V/1A
 PCI signaling environment: 3.3 V

Fig. 1 Fabricated digital input card
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 Hot-swap capability provided
The DI card was fabricated as shown in Figure 1.
Development of device driver
Device driver for the board was written as a Linux
kernel module. An Application Programming Interface
(API) library was created which provides the following
operations: Read/Write Diagnostic Register
 Read Data Register
 Read Board Failure Status Register
 Write Control Register
 Read/Write Force-0 Diagnostic Register
 Read/Write Force-1 Diagnostic Register
Testing of the board
A test application was written using functions provided
by the API library. DI card was tested successfully in
cPCI reference platform by running the test application
in the CPU card as shown in Figure 2.
Hot swap capability was tested by plugging the board
into a live system. Board was detected and con¿JXUHd
successfully. Board removal from the live system
also was detected successfully by the CPU card and
resources were de-allocated.
A compact PCI bus based Digital Input card was
designed & developed. Device driver and API library
was developed for the board. The board was tested
successfully using test applications. The live insertion
DQGOLYHUHPRYDOFDSDELOLW\RIWKHERDUGZDVDOVRYHUL¿HG
$UHDU,2PRGXOHDOVRZDVGHYHORSHGWRLQWHUIDFH¿HOG
inputs to the board.

Fig. 2 Digital input card test setup
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Estimation of Common Cause Failure Fraction
for Triple Redundant Instrumentation Channels
of Shutdown Systems of PFBR

II.12

C

ommon cause failures (CCF) defeat the redundancy
in a system. CCF are generally accounted for
in probabilistic safety analysis by apportioning a
certain fraction (say,E) of the total failures of individual
channels to common causes. Often, the numerical
value E, is based on engineering judgment. To bring
in a more systematic approach and consistency in
such assumptions in I&C systems, IEC 61508-6 (2000)
suggests a score based methodology. Though this
method also involves engineering judgement in many
places, using this methodology is likely to give more
DFFXUDWHHVWLPDWLRQRIWKHHႇHFWRI&&)7KHE factor
for triple redundant instrumentation channels used for
processing SCRAM parameters in shutdown system is
analyzed using the said method.

Table 1 : Calculation of EU or ED
(reproduced from IEC 61508)
(S or SD)
120 or above

7KHPHWKRGRORJ\GH¿QHGLQ$QQH['RI,(&
takes cognizance of the following factors:
 The probability of CCF is a dominant factor in
determining the overall probability of failure of a multichannel system and without taking it into account, a
realistic estimate of the safety integrity of the overall
system is unlikely to be obtained.

Logic

6HQVRUVDQG¿QDO

sub-system

control elements

0.5%

1%

70 to 120

1%

2%

45 to 70

2%

5%

Less than 45

5%

10%

measure/provision has two parts namely X and Y. If a
particular provision or measure against CCF is provided,
then designated score is assigned. Else there is no score
for the provision. The score against X is used in providing
weightage for diagnostics in the system whereas the
<FRPSRQHQWLVQRWDႇHFWHGE\GLDJQRVWLFV7KXVWKH
ratio X:Y represents the extent to which the measure’s
contribution against common cause failures can be
improved by diagnostic testing.
Scores are separately assigned for Logic Subsystem
and Sensors/Final control elements. Based on the total
score (S=6X+6Y), Beta factor for undetectable failures
(EU) is assigned. Table 1 lists E against the sum S.

 Although common cause failures result from a single
cause, they do not always manifest themselves
simultaneously in all redundant channels.
 In case of modern I&C systems with diagnostics
features, it is possible to incorporate defenses
against CCF by utilizing the time available between
WKH ¿UVW IDLOXUH DQG VXEVHTXHQW IDLOXUHV DOWKRXJK
initiated by a common cause; provided the failures
are asynchronous.
The method assigns scores for various design provisions
and maintenance measures which have the potential to
minimize common cause failures. The score for each

EU or ED

Total score

7RFDOFXODWHGHWHFWDEOHIDLOXUHVDIDFWRU=LVLQWURGXFHG
7KH=IDFWRUWDNHVLQWRDFFRXQWWKHOHYHORIGLDJQRVWLFV
coverage and the test interval between two diagnostic
WHVWV 7DEOHDDQGEVKRZQIRUDVVLJQLQJ=IDFWRU 
The total score SD is calculated as SD=6; = 6Y.
Beta factor for detectable failures (ED) is assigned
based on SD based on Table 1.
Using the score based method, a Beta factor of 1% is
estimated for logic sub-system and 2% is for sensors
DQG¿QDOFRQWUROHOHPHQWV7KHHVWLPDWHVFDQEHXVHG
in the Probabilistic Safety Analysis of the plant.

7DEOHD=IDFWRUIRUORJLFV\VWHP

7DEOHE=IDFWRUIRUVHQVRUV¿QDOFRQWURO

(reproduced from IEC 61508)

elements (reproduced from IEC 61508)

Diagnostic

Diagnostic test interval

Diagnostic test interval

coverage

<1
minute

Between
1 and 5
minute

Sensors and
¿QDOFRQWURO
elements

>99%

2.0

1.0

0

>90%

1.5

0.5

0

>60%

1.0

0

0

Less than 45

5%

10%

10%

Diagnostic

Between

coverage

< 2 hours

2 hours
and 2 days

2 days and
1 week

> 1 week

>99%

2.0

1.5

1.0

0

>90%

1.5

1.0

0.5

0

>60%

1.0

0.5

0

0
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II.13

'HYHORSPHQWRI4XDOL¿HG6LJQDO&RQGLWLRQLQJ
Modules

S

ignal Conditioning Modules (SCM) are analog modules
XVHGWRLVRODWHDPSOLI\DQG¿OWHUWKHVLJQDOIURPWKH
sensor for further processing by data acquisition systems,
which form the front-end of any I&C system. Various
types of sensors like Thermocouple (T/C), Resistance
Temperature Detector (RTD), strain gauge, load cell and
draw wire potentiometer are used in I&C systems of a
reactor. These SCMs should feature high accuracy, low
GULIW DQG KLJK VWDELOLW\ DQG KDYH WR EH TXDOL¿HG DJDLQVW
stringent environmental and EMI/EMC conditions. The
SCM currently used in the core temperature monitoring
system of PFBR is an imported one, which features high
accuracy, low drift and high stability. The modules are not
amenable for customization as per our needs and are also
exSHQVLYH+HQFHLWZDVHQYLVDJHGWRGHYHORSTXDOL¿HG
indigenous SCMs, which are also customizable. Initially
DIN rail mountable thermocouple input and RTD input
SCM (Figures 1a and 1b) were designed and developed.
The module contains three major functional blocks, namely
DPSOL¿HULVRODWLRQDQG¿OWHU7KHSUHFLVLRQDPSOL¿FDWLRQ
IXQFWLRQLVDFKLHYHGXVLQJD]HURGULIWRSHUDWLRQDODPSOL¿HU
7KH VDOLHQW IHDWXUHV RI WKH RSDPS DUH XOWUDORZRႇVHW
YROWDJH  9  DQG RႇVHW YROWDJH WHPSHUDWXUH GULIW
(0.08 μV/ ºC). The zero drift amplifier topology was
FKRVHQ WR PLQLPL]H LWV RႇVHW HUURU FRQWULEXWLRQ DW DQ
ambient temperature of 25ºC and its drift with ambient
temperature variation. Galvanic isolation is provided using
transformer coupling in-built in the integrated isolation
DPSOL¿HUWRVXSSUHVVWKHWUDQVPLVVLRQRIFRPPRQPRGH
signal. The three port isolation (Input-Output, Input-Power
and Output-Power) is achieved using a precision 3-port
LVRODWLRQDPSOL¿HU7KHRXWSXWRIWKHLVRODWLRQDPSOL¿HULV
IROORZHGE\DORZSDVV¿OWHU/RZSDVV¿OWHULQJLVUHTXLUHG
to reject the 50 Hz normal mode noise, attenuate the ripple
IURPWKHLVRODWLRQDPSOL¿HURXWSXWDWWHQXDWHWKHLQMHFWHG
switching noise from the power supply and to reduce
the in-circuit broadband noise. The designed low pass
¿OWHULVRIRUGHUZLWK%HVVHODSSUR[LPDWLRQPDJQLWXGH
DQGSKDVHUHVSRQVH%HVVHO¿OWHUVH[KLELWDOLQHDUSKDVH
characteristic within the passband, thus it provides an
undistorted pulse response with minimum overshoot and
improved response time.
Special input circuit provides protection against accidental
connection of power line voltage up to 230 VAC and
against transient events. Protection circuit is also present
on the module output and power supply input terminals
to guard against transient events and power reversal. In
the thermocouple input module, transistor Base-Emitter
junction diode based generic temperature sensor is used
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7DEOH&RPSDULVRQRIPRGXOHVSHFL¿FDWLRQV
6SHFL¿FDWLRQ

Imported

Indigenous

module

module

Module accuracy

+/- 0.05 %

+/- 0.075 %

Inclusive of CJC

of span (typ.)

of span

Module non-linearity

(max)
+/- 0.01 %

+/- 0.02 %

of span

of span

Yes,

Yes,

input protection

continuous

continuous

Isolation

Three port

Three port

CMR @ 50 Hz

160 dB

160 dB

NMR @ 50 Hz

80 dB

80 dB

2ႇVHWGULIW 9&

160 (typ.)

70 (max.)

Gain drift (μV / ºC)

350 (typ.)

435 (max.)

180

210

Long term drift

Data not

less than

(1000 hrs)

provided

+/-0.01%

240 VAC

Output noise (μV, rms)

for cold junction compensation. The RTD input module
accepts 2 and 3-wire RTDs, whose excitation is provided
from the module using a precision OPAMP and MOSFET
based current source. Lead wire resistance compensation
is achieved in hardware by matching the two current paths
DQGSURFHVVLQJWKHGLႇHUHQFHVLJQDOZKLFKFDQFHOVWKH
HႇHFWVRIHTXDOOHDGUHVLVWDQFH
The fabricated and assembled modules exhibited
satisfactory functional performance. The modules were
subjected to dry heat test to evaluate its temperature
drift performance. The long term drift performance of the
module also was characterized through a 1000 hours
continuous test in power on condition. The SCMs also
were subjected to EMI tests as per IEC standards to
evaluate its electro-magnetic compatibility. The T/C input
SCM was deployed in FBTR where it was connected to
WKH VSDUH WKHUPRFRXSOH RI WKH À\ZKHHO RI SXPS GULYH
system. The evaluated accuracy of performance and
VWDELOLW\ FRPSOLHG ZLWK WKH GDWDVKHHW VSHFL¿FDWLRQ 7KH
VDPH PRGXOH PRGL¿HG WR DFFHSW YROWDJH LQSXW DOVR LV
used in the prototype Steam Generator Hydrogen Leak
Detection System deployed in FBTR. The functional
performance of the T/C input SCM was benchmarked
with the existing imported module. The module exhibited
comparable performance as shown in Table 1.
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III.1

Shutdown Systems
for Future Breeder Reactor

New safety criteria are being evolved for Sodium cooled
Fast Reactors after taking into account the currently
evolving safety criteria worldwide. This article briefs about
WKHVLJQL¿FDQWQHZFULWHULDWKDWDUHWREHPHWE\VKXWGRZQ
systems of future breeder reactor and the philosophy
being adopted to meet the new criteria.
For new reactor designs, several scenarios that are
considered beyond design basis for previous generation
needs to be addressed under design extension condition
(DEC).
Design extension condition
The evolving AERB safety criteria states the following
about design extension conditions
“An analysis shall be undertaken using a combination of
deterministic and probabilistic approaches, engineering
judgements and operating experience to determine
those event/event sequences that could lead to
conditions beyond the design basis events (DBE) for the
purpose of further improving the safety of the NPP by
enhancing the plant’s capabilities to withstand, without
unacceptable radiological consequences, accidents that
are more severe than DBAs or that involve additional
IDLOXUHV7KHVHLQFOXGH%'%$VZLWKRXWVLJQL¿FDQWFRUH
GHJUDGDWLRQDQGWKRVHZLWKVLJQL¿FDQWFRUHGHJUDGDWLRQ
From these BDBAs, events/event sequences can be
selected to identify and to implement those reasonably
practicable provisions for their prevention and mitigation.
These event/event sequences may be called design
extension conditions. These design extension conditions
shall be used to identify the additional accident scenarios
to be addressed in the design and to plan practicable
provisions for the prevention of such accidents or
mitigation of their consequences if they do occur.”
The enveloping design extension condition for
shutdown system
The GEN IV, AERB and WENRA have explicitly indicated
anticipated transient without scram (ATWS) events as
examples of events to be included in the DEC. The draft
tech doc recently circulated by IAEA has explicitly listed
“Anticipated Operational Occurrence or Design Basis
Accident (DBA) combined with failure of the reactor
protection system and the actuation of safety systems”
as one of the preliminary reference DECs.
Based on the literature survey on failure experiences of
shutdown systems and study of various evolving safety
FULWHULD LW LV GHFLGHG WKDW FRPSOHWH IDLOXUH RI ¿UVW WZR
shutdown systems along with station black out is the
enveloping DEC to be included in the future SFR designs.
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Proposal for future FBR shutdown systems
The core degradation due to ATWS has to be practically
eliminated as the fast reactor core is not in its most
UHDFWLYHFRQ¿JXUDWLRQGXULQJQRUPDORSHUDWLRQ
Deterministic demonstration of dispersal of fuel to avoid
further core compaction after initiation of large scale core
damage is highly challenging. Hence, the following are
the important decisions related to shutdown systems for
next generation SFRs, to facilitate practical elimination
of core degradation due to ATWS.
 Strengthen the first two shutdown systems by
addition of passive/active features
 Introduce an additional shutdown system, which is
FRPSOHWHO\GLYHUVHLQGHSHQGHQWSDVVLYH FRQ¿QHG
within core subassembly. This shall come into action
RQIDLOXUHRI¿UVWWZRV\VWHPV
'HVLJQDXJPHQWDWLRQVRI¿UVWWZRDFWLYHVKXWGRZQ
7KH ¿UVW VKXWGRZQ V\VWHP 6'6  FRPSULVHV RI QLQH
control and safety rods (CSR) and three hydraulically
suspended absorber rods (HSARs). CSRs are used for
both power control as well as shutdown whereas HSARs
are used exclusively for shutdown. The Scram signals of
¿UVWVKXWGRZQV\VWHPWULJJHUERWK&65DQG+6$5,Q
addition HSARs get triggered by passive means due to
ÀRZUHGXFWLRQWKURXJKFRUHDQGHQVXUHVKXWGRZQRIWKH
reactor. A stroke limiting device is provided in CSRDM to
prevent inadvertent withdrawal of Control & Safety Rods
beyond a preset level and thereby eliminate the possibility
of continuous rod withdrawal and limit the consequences
of inadvertent control rod withdrawal event well within
limits even when coupled with the failure of other safety
actions.
7KHVHFRQGVKXWGRZQV\VWHP 6'6 KDVWKUHHGLYHUVH
safety rods (DSRs). DSR have the function of reactor
shutdown only. The temperature sensitive magnetic
switch based on Curie point is introduced in series with
the power supply circuit of electromagnet of diverse
shutdown rod drive mechanism as an additional passive
safety feature.
Thermo siphon based passive shutdown system
Apart from this, another shutdown system, which is fully
passive and gets activated due to temperature rise of
coolant inside the core is also envisaged. This system
gets activated by siphon action, which gets established
GXHWRWHPSHUDWXUHULVHRIZRUNLQJÀXLGRIWKHV\VWHP
This system neither involves any mechanical moving
item nor requires any active actuation. With the provision
RI WKHVH V\VWHPV D WDUJHW IDLOXUH SUREDELOLW\   for
shutdown per reactor year can be achieved.
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III.2

Integral Testing of Stroke Limiting Device
with Control and Safety Rod Drive Mechanism

S

WURNHOLPLWLQJGHYLFH 6/' LVDQDGGRQGHYLFHWR
control and safety rod drive mechanism (CSRDM)
to provide additional safety against the event of
uncontrolled withdrawal of control rod. SLD limits the
consequences of inadvertent withdrawal of control and
safety rod (CSR) to category II limits by physically limiting
WKHZLWKGUDZDOVWURNHOHQJWKRI&65WRPP
SLD consists of machine elements like gears and
VKDIWV VHQVRUV DQG D PHFKDQLFDO VWRSSHU )LJXUH   Fig. 1 Schematic and photograph of Fig. 2 Assembly of SLD
with CSRDM
SLD when operational stops the upward movement
stroke limiting device
RIPRELOHDVVHPEO\DORQJZLWK&65IRUHYHU\PP the reactor and start of lowering of mobile assembly are
rise, Further raising is facilitated by resetting the SLD. LQLWLDWHGE\PLFURVZLWFK
Continuous lowering of CSR is always ensured by
Prior to integrated testing, a prototype SLD was
IUHHZKHHOLQJ DUUDQJHPHQW LQ 6/' 7KH SRZHU IURP
PDQXIDFWXUHG DQG ZDV WHVWHG VHSDUDWHO\ IRU 
the main drive shaft is fed to driving pinion. The driving
F\FOHV LQ UDLVLQJ DQG  F\FOHV LQ ORZHULQJ ZLWKRXW
pinion is coupled to the gear of SLD. The SLD gear top
any interruption.
VXUIDFHLVSUR¿OHGZLWKDUDPS7KHVWDUWHQGRIUDPS
KDV D YHUWLFDO IDFH ZKLFK DFWV DV D VWRSSHU$ WHÀRQ Later, prototype SLD was assembled with prototype
UROOHU¿[HGRQDVZLQJDUPVOLGHVRYHUWKHUDPSRQWKH &65'0 XSSHU SDUW LQ (QJJ +DOO )LJXUH  VKRZV
JHDU7KHVZLQJDUPLV¿[HGRQDSOXQJHUZLWKSLQMRLQW the photograph of SLD assembled with CSRDM upper
The inclined position of the swing arm is maintained part. A new PLC based control panel was made for
by a helical coil spring. When the SLD gear rotates, SLD testing. Necessary changes in the control logic of
the ramp on the gear raises/lowers the plunger based CSRDM were made.
on direction of rotation. The plunger is housed inside Testing involved raising / lowering the ‘EM plus mobile
a guide way. A DC pull type solenoid connected to the assembly’ with motor. All the aspects of control logic were
plunger facilitates resetting operation by pulling the YHUL¿HG6FUDPPLQJRI&65'0LQFDVHRI6/'DFWXDWLRQ
plunger up. The plunger is always pushed downward by was also verified. Free downward travel of mobile
JUDYLW\DQGDKHOLFDOFRLOVSULQJ7ZRPLFURVZLWFKHVDUH DVVHPEO\ZDVDOVRYHUL¿HG6XEVHTXHQWO\F\FOHVRI
¿[HGRQDVXSSRUWZKLFKLQWXUQLV¿[HGRQWKHSOXQJHU raising and lowering operations were carried out.
7KHVHPLFURVZLWFKHVDUHDFWXDWHGE\DFDP¿[HGRQ Overall performance of the mechanism is smooth during
the swing arm. The inclined position of the swing arm is testing and the maximum torque for translation did not
VHQVHGE\PLFURVZLWFKDQGWKHRYHUWUDYHORIVZLQJ vary much. Thus, the integrated performance of CSRDM
DUPLVVHQVHGE\PLFURVZLWFK7KHVLJQDOVWRVFUDP with SLD was demonstrated.

III.3

A

Commissioning of Large Scale Test Facility
for Future FBRs

n experimental facility for carrying out thermal
hydraulic studies in water related to future FBR’s
KDVEHHQVHWXSLQ(QJLQHHULQJ+DOO,97KLVLVDth
VFDOHVHFWRUPRGHORISULPDU\FLUFXLWRIIXWXUH)%5V
This facility has been built to carry out various pool
hydraulic studies with prime focus on gas entrainment
phenomena in hot pool. Performance of various gas
entrainment mitigation devices are planned to be

tested in this model. This model consists of a vessel
simulating the main vessel, core assembly, intermediate
heat exchanger (IHX), control plug and decay heat
H[FKDQJHU '+; $ ZDWHU ORRS ZLWK PD[LPXP ÀRZ
FDSDFLW\RIP/h has been erected to cater to the
UHTXLUHGÀRZUDWHWRWKHPRGHO
All the components of this model are fabricated
separately and assembled at the site. Vessel
37
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assembly is fabricated in three parts and transported
to Engineering Hall IV for assembly. The vessel
assembly consists of major components like main
vessel, inner vessel, bottom dished end and the core
DVVHPEO\)DEULFDWLRQRI,QQHUYHVVHOSUR¿OHZLWKWZR
directional surface curvatures was challenging. The
geometry of inner vessel is achieved by joining six
numbers of petals. Bottom dished end curvature was
achieved by pressing technique and joining of the
petals. Various gas entrainment mitigation devices
were also fabricated and these devices will be used
during experimental studies. The top part, middle part
and bottom part of the vessel assembly with base plate
were assembled in Hall IV site and anchored with the
support structure with bolts. Alignment between the
top part and dished end part of vessel was another
challenging task at the site due to heavy weight of
the vessel and due to minor distortions caused during
the manufacturing process. This has been corrected
by proper sealing method and assembly procedure.
Fabrication of control plug and IHX was also
another challenging task, owing to their complicated
JHRPHWU\7RSVWUXFWXUHRIWKHth scale model has
been designed and fabricated to support IHX. IHX
support structure arrangement is designed to facilitate
UHSODFHDEOH,+;WXEHEXQGOH&RQWUROSOXJRIWKHth

III.4

Fig. 2 Hydraulic loop

scale model has been erected with the model and
VXSSRUWHGIURPWKHWRSÀDQJHRIWKHYHVVHO7KHth
VFDOHPRGHOLVVKRZQLQ)LJXUH
A dedicated water loop has been designed, erected
DQGFRPPLVVLRQHGWRIXO¿OOWKHSURFHVVUHTXLUHPHQWRI
WKLVH[SHULPHQWDOIDFLOLW\ )LJXUH 7ZRODUJHFDSDFLW\
SXPSVZHUHHUHFWHGDQGDOLJQHGZLWKWKH0:PRWRU
Submersible pumps were installed in the reservoir to
draw water from it for the loop. Plate type heat exchanger
and cooling tower to maintain water temperature in the
loop have been installed and commissioned. Manually
DQGSQHXPDWLFDOO\RSHUDWHGEXWWHUÀ\YDOYHVDUHXVHGLQ
WKHORRSIRUÀRZFRQWURO$YHUDJLQJSLWRWWXEHW\SHÀRZ
PHWHUV DUH XVHG IRU ÀRZ PRQLWRULQJ $OO WKH VHQVRUV
and process indication can be monitored from control
URRP 7KH th scale facility is in the commissioning
stage and experimental studies will commence with the
PDSSLQJRIÀRZ¿HOGLQWKHKRWSRRO

Gas Entrainment Detection Experiment
using Eddy Current Flow Meter

I

n sodium cooled fast breeder reactors, entrainment
of argon gas is possible in normal as well as transient
conditions. It is therefore important to develop a
technique to detect it and quantify the amount of
entrained gas during reactor operation. Performance
HYDOXDWLRQRIWZRGLႇHUHQWW\SHVRIVHQVRUVYL]DFRXVWLF
sensor developed at CEA, France and eddy current
ÀRZ PHWHU (&)0  VHQVRU GHYHORSHG DW ,*&$5 ZDV
completed at Steam Generator Test Facility (SGTF)
sodium facility for this purpose. This testing program
was based on the implementation agreement signed
between IGCAR, India and CEA, France to study and
FKDUDFWHUL]HWKHJDVFRQWHQWLQVRGLXP$VXLWDEOHWHVW
section was selected in the sodium facility at SGTF and
VHQVRUVZHUHLQVWDOOHGLQVHULHVLQVRGLXPÀRZSDWK
The ECFM sensor has one primary and two secondary
coils wound symmetrically on either side of the primary
coil. The voltage induced in moving annular sodium at
ECFM ring induces voltage in both secondary coils,
which are subtractive to transformer voltage in upstream
coil and additive to transformer voltage in downstream
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Fig. 1 5/8th scale test facility

coil. As a result of this the voltages induced in the two
VHFRQGDU\FRLOVGLႇHUIURPHDFKRWKHUDQGWKLVGLႇHUHQFH
is proportional to the sodium velocity. This output signal
FKDQJHVVLJQL¿FDQWO\ZKHQDUJRQEXEEOHSDVVHVWKURXJK
it. This change in output signal is correlated with the
void fraction to evaluate the entrainment and extent of
entrainment.

ECFM

Acoustic sensors

Fig. 1 Test sections with sensors
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6RGLXP ÀRZ WKURXJK WKH WHVW VHFWLRQ LV PHDVXUHG E\
Permanent Magnet Flow Meter and sodium temperatures
using thermocouples. The sensors in the test section are
shown in Figure
The presence of argon in sodium was simulated by
injection of known quantity of argon in the flowing
VRGLXP7ZRPDVVÀRZFRQWUROOHUVZHUHXVHGWRDGMXVW
WKHDUJRQÀRZUDWHIURPWROLWUHVSHUPLQXWHIRU
HDFKVRGLXPÀRZ7KHH[SHULPHQWZDV caarried out with
(&)0DWWZRVRGLXPWHPSHUDWXUHVRIDQG&
ECFM primary and two secondary signals were acquired
DWDVDPSOLQJUDWHRIN+]V9RLGVLJQDOZDVREWDLQHG
by performing demodulation (envelope extraction) on the
ECFM secondary signals. RMS of the void signal was
plotted against the void fraction.
During initial experiments conducted with ECFM, it
was observed that ECFM could detect the presence of
DUJRQJDVLQVRGLXPDERYHDYRLGIUDFWLRQRIDQG
GHWHFWLRQZDVSRVVLEOHDWDOOVRGLXPÀRZVUDQJLQJIURP
WRP/h.
The experiments conducted in parallel with acoustic
sensor has also shown that detection was possible
DW  P/h (Figure   IRU YRLG IUDFWLRQV DERYH 
However there were no appreciable change in the
(&)0VLJQDOVDWKLJKHUVRGLXPÀRZUDWHVIURPWR
P/h. It is also seen that sensitivity was very low at
P/h compared to initial experiments.

III.5

Fig. 2 Void fraction versus void signal

The reasons for the same may be attributed to the
FKDQJH LQ WKH LQMHFWLRQ KROH GLDPHWHU IURP PP
GXULQJ LQLWLDO H[SHULPHQWV WR  PP GXULQJ WKHVH
studies in parallel with acoustic sensor. The higher
GLDPHWHU KROHV ZLOO OHDG WR ODUJH VL]H EXEEOHV ZKLFK
will be able to get detected easily through the ECFM.
The excitation frequency of the ECFM for the present
VWXGLHV ZDV +] ZKLFK ZDV KLJKHU FRPSDUHG WR
initial experiments, where the excitation frequency was
RQO\ +] 7KLV DOVR FRQWULEXWHG WR WKH UHGXFWLRQ LQ
sensitivity.
It can be concluded from both the experiments that the
successful detection of gas entrainment is possible with
ECFM for higher void fraction. But the applicability of
WKHVHQVRUDWORZHUYRLGIUDFWLRQFDQEH¿QDOLVHG ZKLFK
is the requirement for FBRs) after some more studies.

Testing of Integrated Cold Trap in Test Vessel-3
of Large Component Test Rig Sodium Loop

D

emonstration of full scale model of integrated cold
WUDS ,&7 ZDVFDUULHGRXWLQWHVWYHVVHORIODUJH
component test rig (LCTR). During testing, sodium
SRRO ZDV PDLQWDLQHG DURXQG Û& DQG VRGLXP ZDV
FLUFXODWHG WKURXJK ,&7 DW D ÀRZ UDWH RI P/h. With
QLWURJHQLQOHWDWÛ&WHPSHUDWXUHEDU D SUHVVXUH
DQGDÀRZUDWHRIP/h, the cold point temperature
RIÛ&ZDVDFKLHYHG7KHQLWURJHQRXWOHWWHPSHUDWXUH
ZDV PHDVXUHG DURXQG Û&  WRQQHV RI VRGLXP
FLUFXODWHGLQWHVWYHVVHOZDVSXUL¿HGXVLQJLQWHJUDWHG
cold trap.
'XULQJ WKH ¿UVW FDPSDLJQ RI RSHUDWLRQ GLUHFW FXUUHQW
conduction pump (DCCP) failed and was not able to
circulate sodium through ICT. For further testing of ICT,
failed DCCP was replaced with a submersible annular
linear induction pump (ALIP) of similar capacity and
dimensions.
To replace the pump, ICT along with DCCP was

(a)

(b)

Fig. 1 (a) Erection of integrated cold trap along with annular
inear induction pump and (b) schematic of ICT in test
vessel-3

39

I G C A N N U A L R E P O R T - 2015
removed from WHVWYHVVHODQGSODFHGLQWHVWYHVVHO
for cleaning of sodium wetted surface in ICT. Sodium
cleaning of ICT was carried out by wet carbon dioxide
process. On completion of cleaning, ICT was taken
out of WHVWYHVVHODQG'&&3ZDVGLVPDQWOHGIURP
WKHDVVHPEO\6XSSRUWVWUXFWXUHZDVVXLWDEO\PRGL¿HG
to suit the requirement of submersible annular linear
induction pump. The inner assembly of the ICT (wire
mesh arrangement) was removed and wire mesh was
replaced with fresh mesh.
The full scale model of integrated cold trap along with
annular linear induction pump has been erected in test
YHVVHO)LJXUHDVKRZVWKHSKRWRJUDSKRIHUHFWLRQRI
,&7ZLWKDQQXODUOLQHDULQGXFWLRQSXPSLQWHVWYHVVHO

III.6

The dry commissioning of nitrogen cooling circuit has
EHHQFDUULHGRXWVHSDUDWHO\6RGLXPDW&ZDV¿OOHG
LQWKHWHVWYHVVHORI/&757KHVRGLXPDWDÀRZUDWH
RIP/h was circulated through the integrated cold trap
by using annular linear induction pump. The sodium pool
WHPSHUDWXUH ZDV JUDGXDOO\ UDLVHG WR &7KH FROG
SRLQWRIWKHFROGWUDSZDVPDLQWDLQHGDW&GXULQJWKH
operation. ICT is geared up for conducting experiments
in all respects. The performance of ICT is in line with the
design expectation. The problem faced due to failure of
'&&3GXULQJ¿UVWFDPSDLJQRI,&7ZDVVXFFHVVIXOO\
resolved and further performance testing is resumed.

Thermal Hydraulic Optimization to Minimize Primary
Sodium Pump Shaft Length for Future FBRs

S

RGLXPÀRZLQWKHSULPDU\FLUFXLWRIIXWXUH)%5VLV
maintained by three centrifugal pumps operating
in parallel. These pumps (PSP) are mounted over the
dome shaped roof slab. They have very long shaft due
to the motor being located outside the reactor vessel
and the impeller being submerged in sodium contained
inside the reactor vessel. Due to the increase in height of
main vessel in future FBRs compared to that of PFBR,
length of the pump shaft is increased. The other main
FRQVLGHUDWLRQ LQ ¿[LQJ WKH OHQJWK RI VKDIW LV DWWDLQLQJ
comfortable temperature conditions for its spherical
seat assembly. Spherical seat is provided in the pump
IRU DFFRPPRGDWLQJ WLOWLQJ RI SXPS GXH WR GLႇHUHQWLDO
temperature among various parts of pump assembly,
roof slab and pump receptible. Long shaft length is not
desirable due to issues connected with vibration and
balancing. Schematic of the upper part of the primary
sodium pump assembly supported over dome shaped
roof slab is showQLQ)LJXUH([FHVVLYHO\ORQJVKDIW
length may demand multiple hydrostatic bearings in the
pump assembly. Multiple hydrostatic bearing makes the
K\GUDXOLFFRQ¿JXUDWLRQRISXPSYHU\FRPSOH[GXHWRWKH
EHDULQJÀXLGEHLQJOLTXLGVRGLXPSXPSHGE\WKHSXPS
LWVHOI2SWLPL]DWLRQRIVKDIWOHQJWKUHTXLUHVWHPSHUDWXUH
distribution of pump assembly to be established.
Thermal analysis of pump assembly has been carried
out through a conjugate numerical model considering
conduction, natural convection and thermal radiation
PRGHVRIKHDWWUDQVIHU7KUHHGLPHQVLRQDOVHFWRU
model of pump assembly has been considered for the
analysis. Schematic of the geometric model used for the
40

)LJXUH E VKRZV WKH VFKHPDWLF YLHZ RI ,&7 LQ WHVW
YHVVHO

DQDO\VLVLVVKRZQLQ)LJXUH7KHGRPDLQFRQVLGHUHG
for the analysis starts from free level of sodium in PSP
stand pipe to top of the pump shaft. All the solid parts
DUHFRQVLGHUHGWREHRIVWDLQOHVVVWHHODQGWKHHႇHFWLYH
WKHUPDOFRQGXFWLYLW\RIVWHHOEDOO¿OOHGUHJLRQ SURYLGHG
for radiation shielding) in the pump assembly is estimated
based on porous medium formulation. For computational
VLPSOLFLW\ SDUDPHWULF VWXGLHV IRU RSWLPL]DWLRQ RI VKDIW
OHQJWKKDVEHHQFDUULHGRXWE\HPSOR\LQJD[LV\PPHWULF
PRGHODQGDPRGL¿HGFRQ¿JXUDWLRQIRUSXPSDVVHPEO\
has been worked out respecting various temperature
constraints. Subsequently, three dimensional analysis
of pump assembly has been carried out to consider the
LPSDFWRIPXOWLGLPHQVLRQDOHႇHFWVRQWKHWHPSHUDWXUH
GLVWULEXWLRQ RI DVVHPEO\ ,PSRUWDQW PXOWLGLPHQVLRQDO
HႇHFWVDGGUHVVHGDUHWKHWHPSHUDWXUHQRQXQLIRUPLW\LQ
WKHFLUFXPIHUHQWLDOGLUHFWLRQGXHWRWKHQRQD[LV\PPHWULF
nature of thermal boundary condition and cellular
FRQYHFWLRQLQQDUURZDQQXODUJDSV&RQYHFWLYHHႇHFWV
due to shaft rotation and cellular convection in narrow
annular gaps between various structural members in
the pump assembly are also considered in this analysis.
Based on the temperature distribution predicted for the
UHIHUHQFHGHVLJQFRQ¿JXUDWLRQLWZDVIRXQGWKDWWKHUH
is scope for reducing the length of shaft due to lower
values of temperatures of spherical seat. Therefore, a
PRGL¿HGFRQ¿JXUDWLRQZLWKPPOHQJWKRIERWWRP
hollow portion reduced has been considered. In this
option the spherical seat assembly would be lowered
E\PPWRZDUGVWKHVRGLXPIUHHVXUIDFH:LWKWKLV
PRGL¿FDWLRQ DOVR FRPIRUWDEOH PDUJLQ ZDV REVHUYHG
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Fig. 1 Schematic of primary sodium pump assembly

Fig. 2 Three dimensional model of pump assembly

on the temperature of spherical seat assembly in
comparison to the temperature limits. Therefore, further
reduction in the length of second hollow portion by
 PP FRQILJXUDWLRQ  ZDV FRQVLGHUHG 7KLV
PRGL¿FDWLRQ UHVXOWHG LQ ORZHULQJ RI EHOORZV WRZDUGV
the thermal shield location in the assembly. Therefore,
thermal shields are considered to be provided both on
inside as well as outside regions of bellows. Predicted
temperature distribution of this case was also found to
EH DFFHSWDEOH DQG KHQFH  PP UHGXFWLRQ LQ VKDIW
length was found to be possible.

further, modification was considered to make the
WKHUPDOVKLHOGVVHPLFLUFXODUFRYHULQJRQO\VHFWRU
&RQ¿JXUDWLRQ  1XPEHU RI WKHUPDO VKLHOGV PDGH
semicircular is also varied as a parameter. When two
thermal shields provided in bellows region were made
semicircular, maximum temperature of spherical seat
LQFUHDVHG WR & )LJXUH   DQG FLUFXPIHUHQWLDO
temperature variation in lower and upper spherical
VHDWVUHGXFHGWRDQG&UHVSHFWLYHO\7KHPD[LPXP
WHPSHUDWXUHRIXSSHUVSKHULFDOVHDWLV&7KHVH
temperatures are within permissible limits. Therefore,
FRQ¿JXUDWLRQLVUHFRPPHQGHGIRUGHVLJQ

Subsequently, in order to assess the influence of
PXOWLGLPHQVLRQDO HႇHFWV WKUHH GLPHQVLRQDO DQDO\VLV
was carried out. Temperature distribution of the spherical
VHDWDVVHPEO\SUHGLFWHGE\WKH'DQDO\VLVZDVIRXQG
to be lower than that predicted by the axisymmetric
model. It was observed that the temperature distribution
in the pump assembly is not uniform around the
circumference. There was a circumferential temperature
YDULDWLRQRIDQG&RQORZHUDQGXSSHUVSKHULFDO
VHDWVUHVSHFWLYHO\0RGL¿FDWLRQVLQWKHSXPSDVVHPEO\
for reducing the circumferential temperature variation
ZHUH FRQVLGHUHG 7KH ¿UVW RSWLRQ FRQVLGHUHG ZDV WR
provide thermal insulation over the roof slab penetration
shell in the region between top plate of roof slab and
VWHHOEDOO¿OOHGUHJLRQ FRQ¿JXUDWLRQ 5HGXFWLRQLQ
the circumferential temperature variation due to this
PRGL¿FDWLRQZDVQRWIRXQGWREHLQVLJQL¿FDQW7KHUHIRUH

Fig. 3 Predicted temperature distribution in the primary
sodium pump assembly for the recommended
configuration-4
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III.7

Shape Optimization of Thrust Active Magnetic
Bearing for Oil Free Centrifugal Sodium Pump

I

n the sodium cooled fast reactors, vertical centrifugal
pumps are used to pump sodium. The construction of
vertical pump is such that its impeller is dipped in sodium
and the pump rotor assembly is supported in sodium
by hydrostatic bearings from bottom and by Kingsbury
type thrust bearing and radial sleeve bearing above the
cover gas space.
Hydrostatic bearing above the impeller is used to
maintain concentric position of shaft. Argon is used
as the cover gas and seals & bearings are lubricated
by oil circuits. This arrangement has a potential of oil
dripping into sodium, which is a safety issue. In view of
the above, a program to develop an oil less magnetic
EHDULQJ LQ FRPELQDWLRQ ZLWK IHUURÀXLG VHDO 0DJQHWLF
bearing consists of two electromagnets on both sides
of a collar attached to the pump shaft and levitates
the rotor parts without touching the static parts. The
electromagnet (EM) is fed with controlled current from
a PID control to maintain constant air gap between
collar and opposing face of electromagnet. Magnetic
bearings becomes unstable when the collar comes very
near to either of the electromagnets due to cumulative
LQFUHDVHRIPDJQHWLFÀX[$PDJQHWLFVWUXFWXUHGHVLJQ
is used where lower saturating magnetic material
P X  P H W D O  L V  V D Q G Z L F K H G  L Q  Q R U P D O O \  X V H G
electromagnetic steel. In a subsequent study, upper
electromagnet was biased by permanent magnet with
DQ DLP WR UHGXFH WKH (0 FXUUHQW 7KRXJK PXPHWDO
PLWLJDWHVWKHFXPXODWLYHÀX[DGGLWLRQHႇHFWE\VDWXUDWLQJ
itself magnetically, it reduces the EM forces available
RQ URWRU %RWK SRVLWLRQ DQG FXUUHQW VWLႇQHVV YDOXHV
GHWHULRUDWHVZLWKDGGLWLRQRIPXPHWDO6RDJRDOVHHNLQJ
RSWLPL]DWLRQPHWKRGRORJ\LVHPSOR\HGZLWKDQREMHFWLYH
RIUHDOL]LQJWURXEOHIUHHODUJHJDSPDJQHWLFEHDULQJE\
RSWLPL]LQJWKHJHRPHWU\RIPDJQHWLFVWUXFWXUHHPSOR\LQJ
all the above said materials. Adaptive response surface

Fig. 1 Pictorial description of
variables to be optimized
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Fig. 2 Most optimized AMB
actuator after MOEA

method (ARSM) followed by evolutionary algorithm (EA)
ZDV XVHG IRU RSWLPL]DWLRQ 7KH PDJQHWLF EHDULQJ LV
PRGHOHGLQ¿QLWHHOHPHQWPHWKRGVLQPDJQHWLFV )(00 
DQGZDVLQWHUIDFHGWKURXJK0DWODE$QRSWLPL]HU2SWL\
was used in combination with FEMM and Matlab for the
ZRUNVRIRSWLPL]DWLRQ7KHSURSRVHGGHVLJQJHRPHWU\
ZDVSDUDPHWHUL]HGRSWLPL]HGDQGDUULYHGDWDEHWWHU
FRQ¿JXUDWLRQ
This was achieved in the following steps:
D  $ JRDO VHHNLQJ RSWLPL]DWLRQ PHWKRGRORJ\ LV
employed with a combination CRGO electrical steel and
PXPHWDO$GDSWLYHUHVSRQVHVXUIDFHPHWKRG $560 
followed by evolutionary algorithm (EA) was used for
RSWLPL]DWLRQ,QWKH¿UVWVWDJHPDMRULW\RISDUDPHWHUV
ZHUH WDNHQ DV YDULDEOHV IRU RSWLPL]DWLRQ DQG WKRVH
YDULDEOHVQRWLQÀXHQFLQJWKHREMHFWLYHIXQFWLRQVWRZDUGV
WKH HQG RI RSWLPL]DWLRQ LWHUDWLRQV ZHUH IUR]HQ DQG
VXERSWLPL]HG PRGHO ZDV FRQVWUXFWHG ZLWK OHVVHU
YDULDEOHVIRUIXUWKHURSWLPL]DWLRQ
E ,QWKHVHFRQGDQG¿QDOVWDJHDSHUPDQHQWPDJQHW
ELDVHG PDJQHWLF DFWXDWRU ZLWK PXPHWDO DQG &5*2
steel actuator was used with more demanding objective
IXQFWLRQ)LJXUHVKRZVWKH'PRGHORIULJKWKDOI30
ELDVHGPXOWLPDWHULDODFWXDWRUIRURSWLPL]DWLRQRSWLPL]HG
ZLWKPXOWLREMHFWLYHRSWLPL]DWLRQE\HYROXWLRQDU\DOJRULWKP
02($ 7KHQHDUHVWWRRSWLPL]HGFRQ¿JXUDWLRQV 3DUHWR
IURQW  ZHUH UHDOL]HG )LJXUH  VKRZV WKH EHVW RSWLRQ
chosen from Pareto table corresponding to a design
having flatter position stiffness and higher current
VWLႇQHVV )LJXUH  FRPSDUHV SRVLWLRQ VWLႇQHVV YDOXHV
EHWZHHQRSWLPL]HGDQGXQRSWLPL]HGWKUXVWDFWXDWRU
,Q FRQFOXVLRQ LW LV IRXQG WKDW WKH SRVLWLRQ VWLႇQHVV LV
PRUHÀDWWHUDFURVVWKHZRUNLQJJDSRIPPFRPSDUHG
to magnetic structure without mu metal and permanent
magnet.

Fig. 3 Comparison of optimized and un-optimized
actuator
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III.8

Molten Fuel Coolant Interaction Studies
in Simulant System

T

he event of a core melt down, resulting in relocation
RIWKHDFWLYHFRUHLVDQDO\]HGWRXQGHUVWDQGVDIH
WHUPLQDWLRQDQGHႇHFWLYHUHPRYDORIGHFD\KHDW&RULXP
interacts with coolant in the process and fragments into
debris, during molten fuel coolant interaction (MFCI).
'HEULV EHG FRQ¿JXUDWLRQ RQ WKH FRUH FDWFKHU SODWH
assumes importance in assessing the post accident
KHDW UHPRYDO FDSDELOLW\ 7KH NH\ IDFWRUV DႇHFWLQJ WKH
coolability of the debris bed are bed porosity, morphology
of the fragmented particles, degree of spreading/ heaping
of the debris on the core catcher and fraction of lump
formed. Towards understanding the debris bed for post
accident heat removal studies, series of experiments are
FRQGXFWHGZLWKPROWHQZRRGVPHWDO DQDOOR\RI%L
3E6Q &GZLWKPHOWLQJSRLQWRI
. LQZDWHUVLPXODQWV\VWHP )LJXUH 
:RRGVPHWDOZDWHUV\VWHPKDVK\GURG\QDPLFVLPLODULW\
with UOVRGLXPV\VWHPRIDW\SLFDO/0)%5([SHULPHQWV
DUHFDUULHGRXWDWGLႇHUHQWPHOWWHPSHUDWXUHVDIWHU¿[LQJ
WKH LQWHUDFWLRQ OHQJWK DW PP 7KH VHWXS FRQVLVWV
of furnace cum melt release system placed on top of
interaction vessel with catcher tray at bottom, as shown
LQ)LJXUH
7KHFDWFKHUWUD\LVPDUNHGLQWRGLႇHUHQWUDGLDO]RQHV
The distribution of the mass per unit area in each
]RQH LV SORWWHG DIWHU WKH H[SHULPHQW DW GLႇHUHQW PHOW
WHPSHUDWXUH )LJXUH 7KHPD[LPXPFRQFHQWUDWLRQRI
mass is observed at the centre most region (Zone 4).
The mass per unit area decreases monotonically as
we move towards the outer region from center. Further
experiments are planned with varying spread area at
higher melt temperatures.The surface morphology of
the debris particles was also analysed to get insight into
WKHPHFKDQLVPRIEUHDNXS0DJQL¿HGLPDJHVRIW\SLFDO
GHEULVDUHVKRZQLQ)LJXUH

Fig. 2 Radial mass distribution at various
melt temperatures

Fig. 1 Experimental setup of water simulant system

Study of similar MFCI event associated with water cooled
reactors are also taken up at sodium fuel interaction
facility (SOFI), using high temperature corium simulants.
Series of experiments are being conducted under this
program in collaboration with BARC. The simulant
HXWHFWLF  QRQHXWHFWLF PDWHULDO LV ORDGHG LQ WXQJVWHQ
crucible, which is used as susceptor to facilitate induction
heating of ceramics. The molten simulant is poured into
RQHRIWKHWHVWVHFWLRQV [[FP DVVKRZQLQ
)LJXUH
7\SLFDOREVHUYDWLRQVIURP¿UVWVHULHVRIH[SHULPHQWVDUH
briefed. The water temperature at the location directly
in the path of falling of melt was found to be raised
DQG JUDGXDOO\ GURSSHG GRZQ WR & DERYH WKH LQLWLDO
temperature.
The surface morphology of the two simulants used in
¿UVWVHULHVZHUHIRXQGWREHVWDUNO\GLႇHUHQW'HWDLOHG
debris analysis is in progress. Images of typical debris
from high temperature ceramic simulant are shown in
Figure 4.
Further experimental validation and parametric studies
are required to gain further understanding of phenomena,
which are proposed for future.

Fig. 3 Typical debris of
Woods metal

Fig. 4 Typical debris from high temperature
ceramic simulant
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III.9

Installation of RISHI Mockup Loop for Irradiation
of Materials in Sodium at High Temperature

A

n experimental loop “RISHI: Research facility for
Irradiation studies in Sodium at High temperatures
KDVEHHQGHVLJQHGDQGHUHFWHGWRVWXG\WKHLQÀXHQFH
of neutron irradiation on fast reactor material specimens
in sodium environment. The setup is designed as a
test mockup for a prototype proposed to be used in the
LQWHUQDWLRQDOPDWHULDOWHVWUHDFWRU-+5 -XOHV+RURZLW]
Reactor) for generating material irradiation data.
The primary objective is to maintain the specimen at a
SDUWLFXODUWHPSHUDWXUHXQGHUQHXWURQLQÀXHQFHDQGLQ
sodium environment irrespective of the reactor operating
temperature. Moreover, the opening available for
LQVHUWLQJWKHORRSLQ)%75DQG-+5DUHDQGPP
respectively. Hence, the entire loop with all necessary
FRPSRQHQWVLVGHVLJQHGWREHZLWKLQPPGLDPHWHU
$FFRUGLQJO\DQLQQRYDWLYHGHVLJQRI8WXEHVRGLXPORRS
which works without a sodium pump but still manages

WKH KHDW WUDQVIHU HႇHFWLYHO\ E\ SHULRGLF RVFLOODWLRQV RI
the sodium in ‘U’ tube limbs is developed.
Experimental setup
7KHVHWXSFRQVLVWVRIDQLQWHJUDWHG8WXEHPRGXOHD
VRGLXP¿OOLQJV\VWHPDQGDFRROLQJV\VWHPDVVKRZQLQ
)LJXUHD7KH8WXEHPRGXOHLVPDGHXSRI66/1
and comprises a specimen chamber, pipe limbs, cooling
tubes, annular heat transfer area and cover gas lines,
all enveloped in an outer stainless steel clad as shown
LQ)LJXUHVE F7KHLQWHUVSDFHLV¿OOHGZLWKDQLQHUW
gas. The outer clad pipe is provided with surface heaters,
‘K’ type thermocouple and insulation. The specimen
chamber is provided with an external heater module
ZKLFKFDQVLPXODWHXSWRN:KHDWORDG
6RGLXP¿OOLQJV\VWHP
7KHVRGLXP¿OOLQJV\VWHPFRQVLVLWVRIDVRGLXPWDQNRI
NJFDSDFLW\SURYLGHGZLWKKHDWHUVOHDNGHWHFWRUVDQG
insulation. The tank is also provided with argon purge
and vent lines with vapor traps on either line to prevent
sodium aerosol entry into argon line. The tank is isolated
from U tube loop by a bellow seal valve provided at the
ERWWRPRIWKHWDQNDVVKRZQLQ)LJXUH7KLVV\VWHPLV
XVHGIRUWUDQVIHULQJWKHVRGLXPWRWKH8WXEHPRGXOH
during the initial phase.
Inert gas cooling system
7KH FRROLQJ V\VWHP FRQVLVWV RI DQ DUJRQ EXႇHU WDQN
booster pump, a plate heat exchanger and an air cooled
RLOFKLOOHUZKLFKVHQGVFRROWKHUPLQRO KHDWWUDQVIHUÀXLG 
to the heat exchanger to cool argon. Thermiol is chosen
instead of water so as to avoid sodium water interaction
during unanticipated tube leak, if any.

(a)

(b)

(c)

Fig. 1 (a) Semantic of the experimental facility,
(b) cut view of U-tube module and
(c) top view of U-tube module
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Fig. 2 Sodium filling system
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Cool argon from heat exchanger enters the ‘U’ tube
assembly through top plenum to bottom where it enters
into annular space surrounding the ‘U’ tube for heat
transfer with sodium, to maintain desired specimen
temperature. Argon exits at top plenum through outlet
SLSHDQGLVUHFLUFXODWHG
Actuator mechanism
$QDFWXDWRUPHFKDQVLPH[WHUQDOWRWKH8WXEHPRGXOH
is deployed to create oscillations of sodium column in
the two pipe limbs. The free surface above the sodium
LQ ERWK WKH OLPEV LV ¿OOHG ZLWK DUJRQ DW D SUHVVXUH RI
DERXWEDU7KHFRYHUJDVVSDFHDERYHWKHVRGLXP
is connected to the bellows of the actuator mechanism,
VKRZQLQ)LJXUH7KHDFWXDWRUPHFKDQLVPFRQVLVWV
RI DQ HOHFWULFDO PRWRU JHDUER[ FRXSOLQJ FUDQNVOLGHU
mechanism, bellows and variable frequency device
9)'  FRQWURO$ UHGXFWLRQ JHDU ER[   LV XVHG WR
UHGXFHWKHPRWRUUSPDW¿UVWVWDJH7ZRFUDQNVRSSRVLQJ
HDFKRWKHUE\GHJUHHDUHSURYLGHGRQWKHFRPPRQ
driven shaft of the gear box. Each of these cranks
has got its own connecting rod and slider links. Crank
with slider mechanism converts the rotary motion of
the shaft into translator motion. Other end of both the
sliders is connected to one bellow each, which in turn is
connected to each leg of the ‘U’ tube loop. The motion
of the slider makes the bellows expand and compress
thereby displacing the gas and causing oscillation in
sodium level in either limb alternatively.

Fig. 3 Actuator mechanism with bellows

Numerical studies and validation
Numerical investigation was done to find dynamic
UHVSRQVH RI WKH ORRS DW GLႇHUHQW DFWXDWRU VSHHGV WR
DVVHVVÀXFWXDWLRQOHYHOWKHRUHWLFDOO\WRZDUGV¿QDOL]LQJ
the level probe positions in the actual loop. Few
experiments were also conducted in an acrylic loop
ZLWKZDWHUDVVLPXODQWÀXLGIRUYDOLGDWLRQ$FFRUGLQJO\
the level raise/ fall of liquid column in either limb is
established in relation to slider motion and motor rpm
as shown in Figure 4.

This is done periodically at a certain frequency by means
of an actuator mechanism. The raise and fall of sodium
level will displace the sodium in the specimen chamber
which will carry the heat energy from specimen and is
exchanged with the heating or cooling medium. Total
VRGLXPLQYHQWRU\LQWKHORRSLVOLPLWHGE\OLWHU

Experiments in RISHI facility
([SHULPHQWVFDUULHGRXWDWKHDWORDGVRI :
to the specimen chamber have demonstrated the
DWWDLQPHQWRIFRQVWDQWVSHFLPHQWHPSHUDWXUHVRI
 o&UHVSHFWLYHO\ZLWKoC variation. Argon
ÀRZ UDWH ZDV PDLQWDLQHG DW  OSP LQ DOO WKH FDVHV
Important events recorded during a typical experiment
DUHVKRZQLQ)LJXUH

Fig. 4 Numerical prediction of sodium level oscillations

Fig. 5 Important events during a typical experiment
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III.10 Augmentation of Decay Heat Removal Capacity
on Demand through Decay Heat Exchanger
Decay Heat Removal (DHR) systems are designed
ZLWKYHU\KLJKUHOLDELOLW\ IDLOXUHSUREDELOLW\/ y),
VXႈFLHQW GLYHUVLW\ DQG UHGXQGDQF\ ,Q GHVLJQ VLQJOH
failure criteria (SFC) is applied for all safety related
systems. Multiple falures in a system is considered under
GHVLJQH[WHQVLRQFRQGLWLRQV '(&  *(1,9&ULWHULD $
SRVWXODWHGFRQGLWLRQXQGHU'(&± 1R$FWLYLW\UHOHDVH 
is ‘continuous rise in sodium pool temperatures due to
mismatch between decay heat generated in the core and
heat dissipated to the air (ultimate heat sink)’. Possible
VLWXDWLRQVIRUVXFKDPLVPDWFKDUHXQDYDLODELOLW\RIRXW
of 4 SGDHR circuits, reduced DHR capacity through
SGDHR system etc. During such an event, in order to
OLPLWWKHWHPSHUDWXUHRIVRGLXPLQWKHSRROWR&DWHJRU\
limits, it is necessary to augment SGDHR circuit capacity
on demand. Consideration is given to augment DHR
capacity of SGDHR circuit by adding additional heat
transfer area in DHX central region, which removes
heat from cold pool sodium on demand when the bulk
VRGLXPWHPSHUDWXUHLV!&LQDGGLWLRQWRWKHQRUPDO
capacity of SGDHR circuit transferring heat from hot
pool. Additional DHR capacity required to be added
to SGDHR system on demand to respect Category–4
temperature limits and additional heat transfer area to
be added to DHX for achieving the same is estimated
and presented in this article.
Schematic of the DHX under consideration is shown in
)LJXUH'XULQJQRUPDORSHUDWLRQRI6*'+5V\VWHPWKH
tube bundle in the outer rows participates in heat transfer
with primary sodium. Tube bundle inside stand pipe of
DHX terminates above the cold pool level. Though there
LVVPDOOVRGLXPÀRZLQWKHWXEHEXQGOHLQVLGHWKHVWDQG
pipe, DHR through these tubes is minimum. During
the postulated condition of mismatch between decay
heat generated and removal through SGDHR system,
temperature of sodium and reactor assembly structures
rise, sodium pool level rises due to volumetric expansion.
:KHQ VRGLXP WHPSHUDWXUH LV & SULPDU\ VRGLXP
inlet to inner tube bundle becomes covered and its
contribution to DHR function is added in addition to the
H[LVWLQJFDSDFLW\ 0:WK WKURXJKRXWHUWXEHEXQGOH
Sodium pool level during DHR at various temperatures
IRU&%5LVHVWLPDWHGDQGJLYHQLQ)LJXUH,QQHUYHVVHO
VSLOORYHUWDNHVSODFHDW&DQGKHnce a stand pipe
RQ,9H[WHQGLQJXSWRHOHYDWLRQPHWUHLVFKRVHQ
FRUUHVSRQGLQJWRSRROWHPSHUDWXUHRI&IRULQQHU
tube bundle.
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Fig. 1 DHX connecting hot and cold pools

Estimation of DHR capacity required restricting
sodium pool temperature to Category- 4 limits on
demand
Decay heat generation rate and rate of dissipation to
atmosphere for PFBR is thoroughly analysed. The same
methodology is adopted for CBR with initial core power
RI0:WK
During SGDHR, all the sodium and structures are
at similar temperatures but for the small amount of

Fig. 2 Hot pool levels when pumps are not working
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Fig. 3 Primary sodium temperature as function of DHR
capacity

Fig. 4 Primary sodium temperature as function of

sodium participating in the DHR function (negligible in
comparison). Weight of primary sodium in pool is taken
DVWZHLJKWRIVWHHOLQ5$LQ3RROLVWDNHQDVW

,WLVREVHUYHGWKDWIRUHYHU\ULVHLQKHDWWUDQVIHU
DUHD RI '+; WKHUH LV a   )LJXUH   LQFUHDVH LQ
SGDHR Capacity, showing that the heat transfer through
SGDHRS is strongly governed by sodium – air heat
exchanger capacity. Accordingly, the additional area
UHTXLUHGLQWKHLQQHUURZVLVaRIWKHRULJLQDO'+;

The governing equation for heat transfer during SGDHR
can be shown as


capacity addition to SGDHR circuit

Estimated evolution of pool temperature as a function
of DHR capacity through SGDHR system is shown in
)LJXUH,WFDQEHREVHUYHGWKDWPLQLPXPFDSDFLW\RI
'+5 UHTXLUHG WR NHHS WKH WHPSHUDWXUHV EHORZ .
&  LH &DWHJRU\ OLPLWV LV 0:WK 7KXV LW LV
conclusive that when at least two SGDHR circuits are
DYDLODEOH&DWHJRU\OLPLWVFDQEHPHWZLWKWKHQRUPDO
design of SGDHR system for future breeder reactor.

Feasibility of incorporation in future breeder
reactor design

Estimation of additional DHR capacity requirement
for postulated event

7KHDGGLWLRQDODUHDUHTXLUHGLQWKHLQQHUURZVLVa
of the original DHX. Such a large area addition to
the DHX, which is inoperative during normal reactor
operation is not an economic option and also has a
huge penalty on the space requirement over roof slab,
VLJQL¿FDQWO\LQFUHDVLQJWKHRYHUDOOVL]HRIWKHUHDFWRU,WLV
REVHUYHGIURPVWXGLHVWKDWWKHHႇHFWRILQFUHDVLQJKHDW
WUDQVIHUDUHDRI'+;LVQRWDQHႇHFWLYHPHDQVWRLPSURYH
SGDHRS capacity. Further, constraint on dimensional
interface within reactor assembly does not permit such
a large area addition.

(ႇHFW RI '+5 FDSDFLW\ DGGLWLRQ WR 6*'+56 RQ +RW
pool temperature evolution is shown in Figure 4. It
can be observed, that minimum additional capacity of
'+5 UHTXLUHG WRNHHS WKHWHPSHUDWXUHV EHORZ  .
 &  LH &DWHJRU\  OLPLW LV  0:WK DW &
Hence, the inner tube bundle is designed to have an
DGGLWLRQDOKHDWUHPRYDOFDSDFLW\RI0:WK
,WLVDOVRREVHUYHGLQWKH¿JXUH that there is a temperature
ÀXFWXDWLRQ DV WKH WHPSHUDWXUH LV GHFUHDVLQJ EHORZ
& DIWHU LQLWLDO SHDNLQJ VKRZLQJ WKH HIIHFW RI
additional DHR capacity, which is typical of such natural
circulation systems.

It is very attractive to have an option with DHRS to
increase its capacity passively when, the situation
demands. The current option under study is to enhance
the SGDHRS capacity by increasing heat transfer area
of DHX when the temperature of the primary sodium
LQFUHDVHVDERYH&

(VWLPDWLRQRIHႇHFWRILQFUHDVHLQ'+;KHDW
transfer area on overall SGDHR capacity
SGDHR circuit is a natural convection system whose
heat removal capacity is a function of hot pool and
ambient air temperatures. Run around loop simulation
of a typical SGDHR circuit with addition of natural
FLUFXODWLRQ IRU ÀXLG ÀRZ LV GRQH WR VWXG\ WKH HႇHFW RI
change in initial conditions.

Fig. 5 Effect of increasing DHX heat transfer area on

SGDHR circuit capacity
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III.11 Steady State Modelling and Validation
of Once Through Steam Generator

O

ne dimensional steady state code is developed for
counter current shell and tube once through steam
generator (OTSG), where all the heat transfer processes
i.e. preheating, evaporation and superheating of steam
take place along the length of the tube. The code can
be applied to simulate similar steam generators of any
length with any number of tubes. For modelling water
side, continuity, momentum and energy equations are
solved for single phase water, two phase steam and
superheated vapour while only energy equation is solved
for sodium. The equations are solved simultaneously
XVLQJQXPHULFDOPHWKRGDQGDUHGLVFUHWL]HGXVLQJWKH
¿QLWHGLႇHUHQFHPHWKRG7KHGLVFUHWL]HGDOJHEUDLFOLQHDU
equations are solved iteratively to get the temperature
DQG SUHVVXUH SUR¿OHV LQ WKH WXEH DQG VKHOO VLGH 7KH
water side modelling is done using Steiner and Taborek
asymptotic model. Subbotin correlation is used for
VRGLXPVLGHKHDWWUDQVIHUFRHႈFLHQW
Validation of code
The results of the developed mathematical model are
compared with the DESOPT code which was used earlier
IRU3)%5VWHDPJHQHUDWRU7DEOHJLYHVFRPSDULVRQRI
the output from developed code with DESOPT code for
GLႇHUHQWSRZHUOHYHOV,WFDQEHVHHQIURPWKHUHVXOWV
WKDWWKHOHQJWKRIHFRQRPLVHULVEHWZHHQWRPHWUH
HYDSRUDWRU LV  WR  PHWUH DQG VXSHU KHDWHU LV  WR
PHWUH%RWKWKHFRGHVSUHGLFWDOPRVWVDPHFULWLFDO
quality and steam outlet temperature.
)XUWKHUWKHWXEHVWHDPJHQHUDWRU )LJXUH WHVWHG
in Steam Generator Test Facility (SGTF) has been
simulated using the present code and the predicted
results are compared with the experimental data.
Experiments were conducted in SGTF with sodium

Fig. 1 19 tube steam generator tested at steam generator
test facility

ÀRZUDWHRINJVZDWHULQOHWWHPSHUDWXUHRI&
DQGIHHGZDWHUSUHVVXUHRI03D%DVHGRQWKH
experimental conditions, the following scenarios have
been simulated:
 &DVH:DWHUÀRZUDWHNJVDQGVRGLXPLQOHW
WHPSHUDWXUH&
 &DVH:DWHUÀRZUDWHNJVDQGVRGLXPLQOHW
WHPSHUDWXUH&
 &DVH:DWHUÀRZUDWHNJVDQGVRGLXPLQOHW
WHPSHUDWXUH&
The results from the code match well with the
H[SHULPHQWDOO\ REVHUYHG GDWD REWDLQHG IURP LQKRXVH
6*7) 7DEOH  7KH SRZHU UHPRYHG DV SUHGLFWHG
E\ WKH FRGH IRU  WKH DEREH WKUHH FDVHV LV 

7DEOH&RPSDULVRQRIFRGHUHVXOWVZLWKWKHRXWSXWIURP'(6237FRGHIRU3)%5VWHDPJHQHUDWRU
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Developed code based
RQ6WHLQHU7DERUHNPRGHO

DESOPT
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Fig. 2 Temperature profiles for 50 control volumes

Fig. 3 Temperature profiles for 1000 control volumes

DQG0:WUHVSHFWLYHO\7KXVWKHGLႇHUHQFHLQ
power actually removed and as predicted by the code is
YHU\OHVV)LJXUHVDQGGHSLFWWKHW\SLFDOWXEHVLGHDQG
VKHOOVLGHWHPSHUDWXUHSUR¿OHVDORQJWKHOHQJWKLQVWHDP
JHQHUDWRUE\GLYLGLQJWKHWXEHLQWRDQGFRQWURO
volumes respectively, for the full power operation. The
temperature of water in the economiser increases rapidly
in the beginning with the length of tube because in this
region the condition is more departed from the saturation
WHPSHUDWXUHDQGVSHFL¿FKHDWRIZDWHULQFUHDVHVZLWK
temperature at constant pressure. Once the saturation
temperature is reached, the temperature of water
remains constant till single phase vapour is produced. In
the super heater region, the rate of temperature increase
with length is high in the beginning and decreases with
length of the tube. This is due to the decrease in the
heat transfer rate due to the decrease in the temperature
GLႇHUHQFHEHWZHHQVRGLXPDQGVWHDP7KHVDPHWUHQG
is followed irrespective of the number of control volumes
in which the tube length is divided.

IRUGLႇHUHQWQXPEHURIFRQWUROYROXPHV,WFDQEHVHHQ
that as the length of tube is divided into icreasing
number of control volumes, the outlet temperature
of steam becomes less sensitive and is almost
independent validating consistency of the solution.

In addition, detailed grid sensitivity studies were carried
out while numerically simulating PFBR steam generator
condition to establish consistency in the solution.
Figure 4 shows the variation of outlet steam temperature

The code is being developed further to include transient
calculations to simulate various transients during
integrated system modelling.

Fig. 4 Variation of steam outlet temperature with number
of control volumes
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III.12 Electrical System Design and Station Blackout
Management in Fast Breeder Reactors
The Electrical Power System in Fast Breeder Reactors
FRQVLVWV RI PDLQ SRZHU RXWSXW V\VWHP RႇVLWH SRZHU
V\VWHPRQVLWHQRQVDIHW\UHODWHG &ODVV,9 DQGRQVLWH
safety related & safety (Class III, Class II UPS and Class
, '&  SRZHU V\VWHPV7KH FRLQFLGHQWDO ORVV RI RႇVLWH
JULG WXUERJHQHUDWRU DQG VWDQGE\ HPHUJHQF\ GLHVHO
generators (Class IV and Class III power supplies) is
called “Station Blackout”(SBO). It does not include
the loss of available AC power to buses fed by station
batteries or the loss of power from “Alternate AC
VRXUFHV'HSHQGLQJRQWKHRႇVLWHDQGRQVLWHSRZHU
VXSSO\FRQ¿JXUDWLRQVVLWHFKDUDFWHULVWLFVDQGUHOLDELOLW\
of diesel generators the acceptable “SBO Duration” is
arrived at for a Nuclear Power Plant in line with USNRC
5HJXODWRU\*XLGH6WDWLRQ%ODFNRXW
Normal and emergency power supply systems in
PFBR
3)%5JHQHUDWRURXWSXW 0:H LVFRQQHFWHGWRWKH
Southern Regional grid through generator transformer.
7KLV FRQQHFWLRQ SURYLGHV RႇVLWH SRZHU WR WKH SODQW
Two independent Class IV power supply circuits are
available. The emergency AC power supply system has
two independent divisions arranged in two sections.
Each section is provided with one standby emergency
diesel generator (EDG) as onsite AC power source. In
order to improve the plant robustness in emergency
power supply to meet events like Fukushima accident,
WZR 6%2 '*V DUH SURYLGHG DW  9 HPHUJHQF\ EXV
levels. The SBO DGs are air cooled and do not require
water cooling.
Proposed normal and emergency power supply
systems in future FBRs
7KH SURSRVHG [ 0:H SODQW KDV  N9 DV WKH
transmission voltage to handle the increased power
export. In FBRs, there is a third Alternate AC circuit from
N9V\VWHPWRWKHSODQWDQGLVFDSDEOHRILPSURYLQJ
Class IV power supply availability to Class III system.
The emergency power supply arrangement with DGs
and SBO DGs is similar to PFBR. Additionally in line with
the evolving practices and to meet the post Fukushima
scenario, gas turbine generator is proposed as an
Alternate AC power source (AAC) as back up at Class III
N9DX[LOLDU\HPHUJHQF\OHYHODQGZLOOEHFRQQHFWHGLQ
the case of loss of normal power supply and all standby
EDG sources (SBO).
Deterministic estimation of SBO duration
The SBO duration depends on the following factors.
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a) the redundancy of the onsite emergency AC (EAC)
power sources, b) the reliability of the onsite EAC power
VRXUFHV F  WKH H[SHFWHG IUHTXHQF\ RI ORVV RI RႇVLWH
power and d) the probable time needed to restore
RႇVLWH SRZHU 7KHVH IDFWRUV DUH LGHQWL¿HG DFFRUGLQJ
WR WKH SODQW FRQ¿JXUDWLRQ DQG SODQW VSHFL¿F GDWD ,Q
PFBR, to meet the redundancy, 4 EDG sets are used
in addition to battery sources to support decay heat
removal systems. The applicable emergency AC power
FRQ¿JXUDWLRQJURXSIRU3)%5LVFDWHJRUL]HGDVµ%¶7KH
3)%5 '* UHOLDELOLW\ LV HVWLPDWHG DV  EDVHG RQ
GHWDLOHGDQDO\VLV%DVHGRQVLWHGDWDDQGRႇVLWHSRZHU
VXSSO\FRQ¿JXUDWLRQRႇVLWHJURXSLVFDWHJRUL]HGDV3
7KHVHIDFWRUVDUHJLYHQLQ7DEOH7KH6%2GXUDWLRQLV
estimated as 4 hours for PFBR. Without giving credit to
improved electrical systems in future FBRs, the same
4 hours duration is adopted.
Plant robustness to meet normal and extended SBO
SBO management is given due importance during
design and implementation of FBR systems in India.
To meet the instrumentation load requirements, the
EDWWHULHVDUHVL]HGWRPHHWIXOOORDGIRUKRXU6%2ORDGV
IRUKDQGFULWLFDOORQJWHUPPRQLWRULQJORDGVIRUKRXUV
conservatively. In addition, each primary sodium pump
pony motor and auxiliaries are provided with dedicated
EDWWHU\EDQNVVL]HGIRUKRXUV6%2GXUDWLRQ)URPWKH
thermal hydraulic analysis of PFBR safety systems, it
is found that the decay heat removal can be continued
IRU PRUH WKDQ  GD\V ZLWKRXW DQ\ ULVN RI VRGLXP
IUHH]LQJ6SHQWIXHOVWRUDJHFRROLQJFDQEHPDLQWDLQHG
XSWRGD\V5HDFWRUYDXOWWHPSHUDWXUHDQGWRSVKLHOG
temperature do not exceed the limits. Conservative
electrical system design to meet Instrumentation
and Control and pony motor loads along with robust
FDSDELOLWLHVRISODQWV\VWHPVHQVXUHHႇHFWLYHKDQGOLQJ
of short term and long term SBO.
7DEOH$FFHSWDEOH6%2GXUDWLRQFDSDELOLW\ KRXUV
2ႇVLWHSRZHU (PHUJHQF\$&SRZHUVXSSO\FRQ¿JXUDWLRQJURXS
design
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III.13 $VVHVVPHQWRIWKH(ႇHFWVRI:HOGLQJ7HFKQLTXHV
on the Creep Properties of 316LN Stainless Steel
:HOG-RLQWV

T

\SH/1VWDLQOHVVVWHHOLVWKHPDMRUVWUXFWXUDO
material used in the construction of fast breeder
reactors. Various welding techniques are used for
IDEULFDWLQJ WKH FRPSRQHQWV$VVHVVPHQW RI WKH HႇHFW
of various welding techniques on the creep behavior of
/1VWDLQOHVVVWHHOLVGLVFXVVHG$FWLYDWHG7XQJVWHQ
,QHUW *DV $7,*  ZHOGLQJ KDV EHHQ SURSRVHG WR EH
used for welding of /1stainless steel pipes having
ZDOOWKLFNQHVVLQWKHUDQJHRIPPLQ)%5V$7,*
welding process has been found to enhance the depth of
SHQHWUDWLRQVLJQL¿FDQWO\GXULQJDXWRJHQRXVZHOGLQJDQG
also found to enhance the creep rupture life in stainless
VWHHOV7KHHႇHFWRI7,*DQG$7,*ZHOGLQJSURFHVVHVRQ
WKHLPSUHVVLRQFUHHSUHVLVWDQFHRIW\SH/1VWDLQOHVV
VWHHOEDVHPHWDOIXVLRQ]RQHDQGKHDWDႇHFWHG]RQH
(HAZ) of the weld joints is compared. The dimensions
RIWKH/1VWDLQOHVVVWHHOSODWHVXVHGWRSUHSDUHWKH
ZHOGMRLQWVZHUH[[PP$7,*ZHOGMRLQWZDV
IDEULFDWHGXVLQJLQKRXVHGHYHORSHGÀX[LQDVLQJOHSDVV
0XOWLSDVVZHOGMRLQWZLWK9JURRYHZDVSUHSDUHGXVLQJ
PDQXDO7,*ZHOGLQJSURFHVVZLWK$,6,/¿OOHUZLUH
RIPPGLDPHWHU
)LJXUH  VKRZV WKH FURVV VHFWLRQDO YLHZV RI ERWK
$7,*DQG7,*ZHOGMRLQWV)XOOSHQHWUDWLRQKDGEHHQ
DFKLHYHGE\WKH$7,*ZHOGLQJSURFHVVLQDVLQJOHSDVV
On the other hand, it required multiple passes using
conventional TIG welding to complete the weld joint.
7KHPHDVXUHGIHUULWHQXPEHUYDOXHVZHUH)1DQG
 )1 LQ WKH$7,* DQG FRQYHQWLRQDO PXOWLSDVV7,*
weld metals respectively.
7DEOH  JLYHV WKH LPSUHVVLRQ FUHHS UDWH RI GLႇHUHQW
samples. It was found that creep rate is almost the same
IRUEDVHPDWHULDODQG$7,*ZHOGPHWDO&RQYHQWLRQDO
TIG weld metal exhibited higher creep rate than the
EDVHPDWHULDODQG$7,*ZHOGPHWDO7KH+$=VRIERWK
7,*DQG$7,*ZHOGMRLQWVZHUHIRXQGWRKDYHWKHORZHU
creep rate when compared with the base metal and weld
PHWDOV$7,*ZHOGMRLQW+$=ZDVIRXQGWRKDYHORZHU

2mm

7DEOH,PSUHVVLRQFUHHSUDWHRIGLႇHUHQWVDPSOHV
Sample

,PSUHVVLRQFUHHSUDWH [ mm min)

Base metal



7,*ZHOGIXVLRQ]RQH



$7,*ZHOGIXVLRQ]RQH



TIG weld HAZ



ATIG weld HAZ



creep rate compared to conventional TIG weld joint HAZ.
7KHJUDLQVL]HRIWKH+$=LQWKH$7,*ZHOGMRLQWZDV
WRWLPHVKLJKHUWKDQWKDWRIWKH7,*ZHOGMRLQW
)LJXUH 
7\SLFDOFUHHSFXUYHVIRUEDVHPHWDO7,*DQG$7,*ZHOG
PHWDOVDUHVKRZQLQ)LJXUH
Higher deformation rate in the TIG weld metal than
LQ$7,*ZHOGPHWDOZDVGXHWRWKHSUHVHQFHRI¿QHU
dendritic structure in the TIG weld. The ferrite having
more open BCC structure could increase the creep
UDWHRIZHOGPHWDOLQWKH7,*ZHOGWKDQLQ$7,*ZHOG
įIHUULWH WUDQVIRUPV WR EULWWOH VLJPD DQG DXVWHQLWH DW
the grain boundaries and triple points on exposure to
high temperature for longer duration. In addition to the
loss of ductility, sigma phase formation may have a
QHJDWLYH HႇHFW RQ WKH KLJK WHPSHUDWXUH UHVLVWDQFH RI
stainless steels, due to the removal of Cr and Mo from
solid solution.
+HQFHORZHUFUHHSUDWHLQ$7,*ZHOGPHWDODQG+$=
ZDVGXHWRORZHUįIHUULWHFRQWHQWDQGFRDUVHUJUDLQV
UHVSHFWLYHO\7KHUHIRUH$7,*ZHOGMRLQWLVH[SHFWHGWR
have better creep rupture life compared to that of the
7,*ZHOGMRLQWLQ/1VWDLQOHVVVWHHO
Shielded metal arc welding (SMAW) is an indispensable
welding technique for fabricating large components of
)%5V ZKLFK DUH PDGH IURP  /1 VWDLQOHVV VWHHO
Though exhaustive studies have been made on the
PHFKDQLFDOSURSHUWLHVRIWKH/1VWDLQOHVVVWHHOZHOG
metal and base metal, there is limited study dealing with
the mechanical properties of the composite weld joint.

2mm

Fig. 1 Cross sectional view of weld joints (i) TIG (II) A-TIG

Fig. 2 Micrograph of HAZ of (i) TIG sample (ii) A-TIG sample
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Fig. 3 Creep behavior of base metal, TIG and A-TIG weld
metal

Fig. 4 Rupture life comparison of weld joints with the base
metal

7KH FKDQJHV LQ WKH PRUSKRORJ\ RI į IHUULWH LQ PXOWL
SDVV ZHOG MRLQWV LQÀXHQFHV WKH FUHHS SURSHUWLHV DQG
this would invariably depend on the number of weld
SDVVHV ,Q RUGHU WR DPSOLI\ WKH HႇHFW RI ZHOG SDVVHV
DQG VWXG\ LWV LQÀXHQFH RQ WKH FUHHS SURSHUWLHV WZR
ZHOGMRLQWVRIPPWKLFNQHVVZHUHIDEULFDWHGZLWKWZR
HOHFWURGHGLDPHWHUVYL]DQGPP&RQYHQWLRQDOO\
WKHORZHUVL]HHOHFWURGHLVXVHGIRUIDEULFDWLQJWKHURRW
passes or for welding thinner sections whereas, the
ELJJHUHOHFWURGHVL]HVDUHXVHGIRUOD\LQJ¿OOHUSDVVHV
of thicker sections. The number of passes in the case
RIPPHOHFWURGHZDVZKHUHDVSDVVHVZDV
needed to complete the joint with 4 mm electrode
diameter. Creep deformation and rupture behaviour
ZHUHHYDOXDWHGRQWKHFURVVZHOGVDPSOHV

PPHOHFWURGHVL]HZDVEHWWHUWKDQWKRVHPDGHZLWK
 PP HOHFWURGH VL]H )LJXUH   :KHQ FRPSDUHG WR
the base metal the joints possessed higher rupture life
DWWKHDSSOLHGVWUHVVRI03DGXHWRWKHSUHVHQFH
of the as cast hard weld metal. However, with decrease
in applied stress, the rupture life of both the joints was
inferior to that of the base metal. The transition in the
rupture life plot of the joints is due to the microstructural
instability created by the transformed brittle sigma phase
IURP įIHUULWH 7KLV WUDQVLWLRQ RFFXUUHG FRPSDUDWLYHO\
HDUOLHUIRUWKHZHOGMRLQWVPDGHZLWKPPHOHFWURGH
diameter. Microstructural investigations on the creep
tested samples revealed that the region which
FRQWDLQHGYHUPLFXODUįIHUULWHZDVPRUHVXVFHSWLEOHWR
creep cavitation in both the weld joints. The vermicular
morphology with interconnected network facilitated
IDVWHUPROHFXODUGLႇXVLRQZKLFKHQKDQFHGWKHNLQHWLFVRI
sigma phase formation. The regions containing globular
įIHUULWH ZHUH DOVR VXEMHFWHG WR D WKHUPRPHFKDQLFDO
treatment which made propagation of creep cracks more
GLႈFXOW LQ WKLV UHJLRQ )RU WKH MRLQWV IDEULFDWHG ZLWK 
mm electrode diameter, these susceptible regions were
IDUWKHUDSDUW )LJXUH ZKHQFRPSDUHGWRWKHZHOGMRLQW
IDEULFDWHG ZLWK  PP HOHFWURGH LQ ZKLFK FDVH WKHVH
UHJLRQVZHUHFRPSDUDWLYHO\FORVHO\VSDFHG )LJXUH 
Hence the rupture strength of the joints fabricated with
the bigger electrode diameter was better.

Microstructural investigations on the as welded
VDPSOHV UHYHDOHG WKDW WKH FKDQJHV LQ WKH įIHUULWH
PRUSKRORJ\ ZHUH VLPLODU LQ WKH IXVLRQ ]RQH RI ERWK
WKH ZHOG MRLQWV 7KH µKHDW DႇHFWHG¶ ZHOG PHWDO UHJLRQ
transformed into regions containing isolated packets of
į IHUULWH ZLWK D JOREXODU PRUSKRORJ\ ZKHQ FRPSDUHG
to a regular vermicular morphology. Micro hardness
VWXGLHVLQGLFDWHGWKDWWKHZHOGMRLQWPDGHZLWKPP
electrode diameter possessed higher hardness in the
+$=DQGWKHIXVLRQ]RQH7KHFUHHSWHVWVFDUULHGRXW
DW. & LQWKHVWUHVVUDQJHRI03D
showed that the rupture life of the joints made with

500 Pm
Fig. 5 Micrograph showing isolated cavities in weld joint
fabricated with 4 mm electrode
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Fig. 6 Micrograph showing interconnected cavities in weld
joint fabricated with 2.5 mm electrode
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III.14 (YDOXDWLRQRI0XOWLD[LDO(ႇHFWVRQWKH0HFKDQLFDO
Properties of 316LN Stainless Steel

C

omponents operating at high temperatures
experience multiaxial state of stress as a result
of discontinuities in the form of change in geometry,
microstructural inhomogeneity (weld joints) and mode
of loading during service. Notched specimens are widely
XVHGWRVWXG\WKHHႇHFWRIPXOWLD[LDOVWDWHRIVWUHVVRQ
deformation and fracture behaviour of materials. The
DGYDQWDJHRIWKHQRWFKHGVSHFLPHQVLVWKDWWKHGLႇHUHQW
states of stress can be simulated by changing the radius
at the root of the notch.
The present investigation has been carried out to assess
WKH DGHTXDF\ RI WKH 1HXEHU¶V UXOH DQG ¿QLWH HOHPHQW
analysis in predicting the local strain under cyclic loading.
Circumferential notches were introduced to study the
HႇHFW RI QRWFK RQ ORZ F\FOH IDWLJXH /&)  EHKDYLRXU
The fatigue life has been estimated considering two
GLႇHUHQWDSSURDFKHVYL]1HXEHU¶VUXOHDQG)(DQDO\VLV
The LCF tests were carried out in the total axial strain
FRQWUROOHGPRGHDWDFRQVWDQWVWUDLQUDWHRIîí sí
DQGVWUDLQDPSOLWXGHVLQWKHUDQJHDQG
LCF tests were also carried out on circumferentially
QRWFKHGVSHFLPHQVKDYLQJQRWFKURRWUDGLL 5 RIDQG
PP7KHIDWLJXHOLYHVRIQRWFKHGVSHFLPHQVZHUH
found to be lower than that of smooth specimens. The
H[WHQWRIGHFUHDVHLQIDWLJXHOLIHZDVPRUHIRUPP
QRWFK)LJXUH)DWLJXHGDPDJHLVDVVRFLDWHGZLWKWKH
crack initiation at the surface of the specimen followed
E\ VWDJH , DQG VWDJH ,, FUDFN SURSDJDWLRQ DQG ¿QDO
failure. Under low cycle fatigue conditions, the crack
QXFOHDWLRQVWDJHJHQHUDOO\RFFXSLHVDURXQGRI
the total fatigue life of the material. However, for notched
specimen, the duration of the nucleation stage would
be extremely small. The higher stress concentration in
notched specimens would result in higher crack growth
rates than that of smooth specimens as depicted in

the striation spacing in both the specimens as seen in
)LJXUH
Finite element analysis
Finite element analysis was carried out to estimate the
strain at the notch root and predict the fatigue life of the
notched specimens. 7KHHOHPHQWVL]HZDVUHGXFHGDW
and close to the notch root and elastic analysis was
XVHG WR HQVXUH WKDW WKH PHVK ZDV VXႈFLHQWO\ UH¿QHG
near the notch root to predict the theoretical stress
concentration factor at the notch root. 7KH 5DPEHUJ
2VJRRG UHODWLRQVKLS ZKLFK UHODWHV WKH F\FOLF HODVWR
SODVWLF UHVSRQVH KDV EHHQ FRQVLGHUHG WR GH¿QH WKH
material’s deformation characteristics. The plastic strain
accumulation was found to be more at the notch root as
compared to the centre of notch throat plane for both the
notches. Since the low cycle fatigue failure is associated
with the accumulation of plastic strain with cycling, the
higher plastic strain accumulation at the notch root in the
notched specimens would result in lower fatigue life as
compared to the smooth specimens. Moreover, higher
plastic strain accumulation for the relatively sharper
notch would further decrease the fatigue life as observed
experimentally.
Neuber’s rule
The Neuber’s rule has been extensively used for the
estimation of local stress and strain in the notch throat
plane for monotonic and cyclic loading. The total strain
calculated by Neuber’s rule was incorporated in the
&RႈQ0DQVRQUHODWLRQVKLSWRSUHGLFWWKHIDWLJXHOLIHRI
notched specimens.
Fatigue life prediction
Local strain estimated from FE analysis and Neuber’s
rule was used to predict the fatigue life. Fatigue life
predicted based on this approach has been shown in

(a)

(b)

Fig. 1 Fatigue life variation in presence of notch Fig. 2 SEM fractograph of fatigue tested specimens at 0.3 % strain
amplitude for (a) smooth and (b) notched specimen (2.5 mm)
(316 LN SS)
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Fig. 3 Fatigue life prediction of notched specimens based
on local strain approach considering FE analysis
and Neuber’s rule

Fig. 4 Axial torsion testing system at metal forming and
tribology programme

)LJXUH  7KH ¿QLWH HOHPHQW DQDO\VLV DSSURDFK ZDV
found to underestimate the fatigue life in presence of a
notch, whereas Neuber’s rule overestimated the fatigue
life. The prediction of fatigue life based on both the
DSSURDFKHVZDVIRXQGWREHZLWKLQDIDFWRURI

K\GUDXOLFJULSVZKLFKFDQH[HUWGLႇHUHQWFODPSLQJORDGV
XSWRN17KHPDFKLQHLVRIPRGXODUGHVLJQZLWK
independent actuators for torsion and axial loading of
the specimen. The axial load is imparted using a double
acting servo hydraulic actuator through the lower grip. A
hydraulic motor mounted on the movable top crosshead
imparts torsional load on the specimen through servo
K\GUDXOLF YDOYHV XS WR  UHYROXWLRQV7KH FDSDELOLW\
of imparting torsional load up to failure of the specimen
DQGLQVLWXDXWRPDWLFTXHQFKLQJRIWKHVSHFLPHQDUHWKH
unique features of the ATTS, which makes this machine
one of its kind. The ATTS at MFTP is shown Figure 4.

Metal forming
Bulk metal forming is another area where the large
amount of metal deformation/strain, is invariably
multiaxial. Tension or compression testing have
limitations in evaluation of workability in terms of
maximum possible strain limit as well as homogeneous
GHIRUPDWLRQ&RPELQHGD[LDOWRUVLRQWHVWLQJFDQEHXVHG
IRUHYDOXDWLRQRIÀRZVWUHVVDQGWUXHZRUNDELOLW\XSWR
very high levels of strains under multiaxial state of stress.
$V QR VXFK WHVWLQJ PDFKLQH H[LVWHG LQ ,QGLD D VWDWH
RIWKHDUWKLJKWHPSHUDWXUHFRPELQHGD[LDODQGWRUVLRQ
testing system (ATTS) was designed and developed
in Metal Forming & Tribology Programme (MFTP) for
DVVHVVLQJZRUNDELOLW\RIYDULRXVPDWHULDOVXQGHUPXOWL
D[LDOVWDWHRIVWUHVVVWUDLQXSWR.7KHPDFKLQH
KDV WRUTXH FDSDFLW\ RI  1P XS WR PD[LPXP
URWDWLRQDOVSHHGRI530DQGD[LDOORDGFDSDFLW\RI
N1XSWRPD[LPXPOLQHDUVSHHGRIPV7KH
angle of rotation is measured by an angular encoder
ZLWKUHVROXWLRQRIGHJUHH&RQYHQWLRQDO/9'7LV
XVHGIRUPHDVXUHPHQWRID[LDOVWURNHDQGDPXOWLD[LDO
load cell is used for measurement of torque and axial
load simultaneously. The digitally controlled ATTS can
FDUU\ RXW FRQWUROOHG WKHUPRPHFKDQLFDO WHVWV XQGHU
concurrent torsion and axial (tension/compression),
sequential torsion and axial, pure torsion, compression
and tension in twist, torque, axial load and stroke control
PRGHV $W URRP WHPSHUDWXUH WHVWV LQ ÀRZLQJ ZDWHU
FDQDOVREHFDUULHGRXWXVLQJ$7767KH$776LV¿WWHG
ZLWK D  N: LQGXFWLRQ KHDWLQJ V\VWHP ZLWK FDSDELOLW\
RI SURJUDPPHG KHDWLQJFRROLQJ XS WR  .VHF $
controlled and programmable water jet is also integrated
which can be either operated manually or linked to the
test control sequence for specimen quenching as well
as isothermal room temperature tests. The ATTS can
KDQGOHVSHFLPHQVIURPWRPPGLDPHWHUWKURXJK
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Seamless tube extrusion is one of the most important
manufacturing processes for manufacturing various
nuclear reactor core components. Extensive concurrent
WRUVLRQFRPSUHVVLRQWHVWVRQ66/1ZHUHFDUULHG
out using the ATTS up to very high strains to simulate
the compressive triaxial state of stress in seamless tube
H[WUXVLRQ(OHFWURQEDFNVFDWWHUHGGLႇUDFWLRQ (%6' 
orientation imaging microscopy (OIM) was employed
WR GHWDLO WKH PLFURVWUXFWXUH LQ ¿QHU OHQJWK VFDOH DQG
study texture formation. The resulting microstructure
from combined loading as well as pure torsion is shown
LQ )LJXUH  &RPELQHG WRUVLRQFRPSUHVVLRQ ORDGLQJ
enhances the overall ductility in the material and also
UHVXOWV LQ ¿QHU JUDLQ PLFURVWUXFWXUH DV FRPSDUHG WR
WKDWIURPSXUHWRUVLRQ&RPELQHGD[LDOWRUVLRQWHVWVLQ
conjunction with FEA of the bulk metal forming processes
ZRXOGEHH[WUHPHO\XVHIXOLQRSWLPL]DWLRQRIWKHYDULRXV
process variables to manufacture defect free products.
(a)

(b)

Fig. 5 OIM measurements illustrating grain refinement in
(a) only torsion and
(b) combined torsion and compression
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III.15 Development of Pressurized Capsules from T91
Cladding Tubes, and Fabrication of Mock-Up
Instrumented Capsule for Detection of In-Pile
Stress Rupture in T91 Pressurized Capsules

T

KHIHUULWLFVWHHO7LVFRQVLGHUHGIRUXVHDVIXHOFODG
material in fast breeder reactors due to its excellent
void swelling resistance and compatibility with metallic
IXHO3UHVVXUL]HGFDSVXOHVKDYHEHHQGHYHORSHGIURP
7 FODG WXEH WR FRQGXFW ELD[LDOO\ VWUHVVHG FUHHS
WHVWV 6XEVHTXHQWO\ 7 SUHVVXUL]HG FDSVXOH ZLWK
attachment of a thermocouple to the central gas region
KDVEHHQGHVLJQHGDQGGHYHORSHGIRULQUHDFWRUWHVWV
.W\SHWKHUPRFRXSOHRIĭPPDQGPHWUHORQJZDV
ZHOGHGXVLQJODVHUWRWKHJDVUHJLRQRIWKHSUHVVXUL]HG
capsule which will enable us to get a detailed history
RI WKH WHPSHUDWXUH VHHQ E\ WKH SUHVVXUL]HG FDSVXOH
throughout the experiment and to detect the rupture.
The full scale mock up of the instrumented capsule
assembly has been designed and fabricated for the
RXWRISLOHH[SHULPHQWVXFFHVVIXOO\
Development of T91 pressurized capsules
3UHSUHVVXUL]HG FDSVXOHV IURP WKH 7 FODGGLQJ
tube of metallic fuel pins have been successfully
GHYHORSHG 7KHVH SUHVVXUL]HG FDSVXOHV FDQ EH
XVHG WR GHWHUPLQH WKH LQSLOH FUHHS EHKDYLRXU RI7
material. Components have been machined and
ZHOGLQJ SDUDPHWHUVIRUWKH7SUHVVXUL]HG FDSVXOHV
KDYH EHHQ VWDQGDUGL]HG 7KH GLPHQVLRQV RI HQG
SOXJ ZLWK VHDOLQJ DUUDQJHPHQW KDYH EHHQ RSWLPL]HG
WR ZLWKVWDQG WKH PD[LPXP JDVNHW VTXHH]LQJ WRUTXH
UHTXLUHG WR VHDO WKH JDV ¿OOHG LQVLGH WKH SUHVVXUL]HG
FDSVXOH DW KLJK SUHVVXUH  3 SODWHV ZHUH FXW LQWR
[PPVOLFHVDQGHQGSOXJVZHUHPDFKLQHGIURP
these slices. In the process of determining the depth of
SHQHWUDWLRQ RI7 ZHOGV IRU ZHOG TXDOL¿FDWLRQ LW KDV
been found that etching with ammonium persulfate
solution gives better clarity in optical viewing as
compared to etchants like Vilella’s Reagent and Fry’s
VROXWLRQ )RU FDUU\LQJ RXW WKH KHDW WUHDWPHQW RI 7
welded samples, a compact heating furnace was
IDEULFDWHG DQG LQVWDOOHG LQVLGH WKH DUJRQ ¿OOHG JORYH
box, and heat treatment as per standard procedure
was carried out. Micro hardness values of weld metal
UHGXFHG IURP  WR  9+1 DIWHU KHDW
treatment in concurrence with ASTM standard that
VSHFL¿HVWKDWWKHUHTXLUHGKDUGQHVVYDOXHVDIWHUKHDW
WUHDWPHQWDV9+1$UJRQXSWRDSUHVVXUHRI
03DDWURRPWHPSHUDWXUHKDVEHHQ¿OOHGDQGVHDOHG
LQ WKH SUHVVXUL]HG FDSVXOH 7KH LQWHJULW\ RI WKH 7

Fig. 1 T 91 pressurized capsule encapsulated
in a quartz tube

SUHVVXUL]HGFDSVXOHZDVFKHFNHGE\HQFDSVXODWLQJWKH
FDSVXOHLQTXDUW]WXEHXQGHUYDFXXPDQGWHVWLQJLWLQ
HOHFWULFDOIXUQDFHDW&IRUKRXUV7KHZHLJKWRI
the capsule remained unchanged after testing indicating
WKHOHDNWLJKWQHVVRIWKHSUHVVXUL]HGFDSVXOH)LJXUH
VKRZVD7SUHVVXUL]HGFDSVXOHHQFDSVXODWHGLQWKH
TXDUW]WXEH
Development of T91 pressurized capsules with
attachment of thermocouples
7 SUHVVXUL]HG FDSVXOH ZLWK DWWDFKPHQW RI FHQWUDO
thermocouple was designed and developed to know the
WHPSHUDWXUH RI SUHVVXUL]HG FDSVXOH GXULQJ LUUDGLDWLRQ
DQG WR LQGLFDWH WKH UXSWXUH RI SUHVVXUL]HG FDSVXOH
During rupture, there is a shift in the thermocouple
SUR¿OHZKLFKFDQEHXVHGWRLGHQWLI\WKHUXSWXUHHYHQW
7KH WKHUPRFRXSOH VKHDWK PDWHULDO LV 66  DQG
WKH ZDOO WKLFNQHVV LV PP 7KH HQG SOXJ GHVLJQ
RI 7 SUHVVXUL]HG FDSVXOH ZDV PRGL¿HG WR DYRLG D
dissimilar joint at the thermocouple weld location. The
WKHUPRFRXSOH ZDV ZHOGHG WR D 66 HQG SOXJ $Q
,QFRQHO VOHHYH RI PP ZDOO WKLFNQHVV ZDV ZHOGHG
WR7WXEHWRDYRLGWKHIHUULWLFDXVWHQLWLFMRLQWEHWZHHQ
66HQGSOXJDQG7WXEH:HOGLQJFDXVHVIRUPDWLRQ
of fresh martensite due to rapid cooling. Therefore,
DOO WKH ZHOG MRLQWV LQYROYLQJ 7 WXEH ZHUH YDFXXP
VHDOHGLQDTXDUW]WXEHDQGKHDWWUHDWHGLQDQHOHFWULF
IXUQDFHDW.IRUPLQXWHV7KLVDOORZVWKHIUHVK
martensite formed during welding process to convert
into tempered martensite and also relieves some of the
residual stresses generated during welding. To verify
WKHLQWHJULW\WKHSUHVVXUL]HG FDSVXOH ZLWKDWWDFKPHQW
RIWKHUPRFRXSOHZDVVHDOHGLQDTXDUW]WXEHWRDYRLG
R[LGDWLRQDQGWHVWHGLQIXUQDFHDW.IRUKRXUV
No leak was observed indicating the good quality of the
ZHOGMRLQWV7KHSUHVVXUL]HGFDSVXOHZDVSURYLGHGZLWK
an outer protection tube into which the gas will expand
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Fig. 2 Pressurized capsule attached with thermocouple

during rupture causing a change in the temperature
SUR¿OH)LJXUHVKRZVDSUHVVXUL]HGFDSVXOHDWWDFKHG
with thermocouple.
Fabrication of mock-up instrumented capsule
for detection of in-pile stress rupture in T91
pressurized capsules
The full scale mock up of the instrumented
capsule assembly has been designed for the
RXWRISLOHH[SHULPHQW7KHGLPHQVLRQVRIWKHFDSVXOH
DUH 2'  PP DQG OHQJWK  PHWUH 7KH LUUDGLDWLRQ
capsule is divided into two portions. Bottom portion
FRQVLVWV RI 7 SUHVVXUL]HG FDSVXOHV DWWDFKHG ZLWK
thermocouples. The total length of the bottom portion
LVPPDQGWKLVSRUWLRQZLOOEHLQWKHFRUHRI)%75
GXULQJLUUDGLDWLRQ)LYH7SUHVVXUL]HGFDSVXOHVKDYH
EHHQ IDEULFDWHG ZLWK DWWDFKPHQW RI  PHWUH ORQJ
thermocouples for their assembly in the irradiation
capsule.

Fig. 3 Schematic of the bottom portion of irradiation capsule

IHUURERURQ ¿OOHG VKLHOGLQJ SRUWLRQ WR DWWHQXDWH WKH
streaming neutrons from the reactor core. The top
portion is in parts for easy assembly and dismantling. All
WKHFRPSRQHQWVKDYHEHHQPDFKLQHGDQGVXEV\VWHPV
KDYH EHHQ IDEULFDWHG 7KH DVVHPEO\ RI SUHVVXUL]HG
capsules with thermocouples in the bottom portion of the
LUUDGLDWLRQFDSVXOHDQG¿QDOLQWHJUDWLRQDQGZHOGLQJZRUN
7KHODVHUZHOGLQJRIWKHPHWUHORQJWKHUPRFRXSOHV has also been successfully completed. Figure 4 shows the
WR WKH 7 SUHVVXUL]HG FDSVXOH ZDV D FKDOOHQJLQJ IDEULFDWHG PRFNXS LQVWUXPHQWHG FDSVXOH IRU GHWHFWLRQ
task due to the thin sheath and long length of the RI LQSLOH VWUHVV UXSWXUH LQ 7 SUHVVXUL]HG FDSVXOHV
thermocouple. A collet was used at the welding end 7KLV FDSVXOH LV SUHVHQWO\ EHLQJ XVHG IRU RXWRISLOH
and the length of the wire was held by a supporting tests using an electrical furnace in the laboratory.
¿[WXUH 7KH SUHVVXUL]HG FDSVXOHV KDYH EHHQ VWDFNHG
in the bottom portion of the irradiation capsule one
upon the other separated by intermediate tubes that
DOORZVWKHWKHUPRFRXSOHVWREHURXWHGRXW$OOWKH¿YH
thermocouples have further been routed through a
common intermediate plug that separates the bottom
and top portions of the irradiation capsule, and which
FRQVLVWHG RI ¿YH KLJK SUHFLVLRQ ODVHU ZHOGHG MRLQWV
An outer tube was welded over the bottom portion
RI WKH FDSVXOH DQG ¿OOHG ZLWK KHOLXP )LJXUH  VKRZV
the schematic of the bottom portion of the irradiation
capsule.
The top portion of the instrumented capsule is of length
 PHWUH 7KLV SRUWLRQ FRQVLVWV RI D  PP ORQJ Fig. 4 Mock-up instrumented capsule
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III.16 Ion Irradiation Studies on the Void Swelling
%HKDYLRURID7LWDQLXP0RGL¿HG'$OOR\
Role of Irradiation Induced TiC Precipitates

E

mphasis on increasing the residence time of
fuel in a fast reactor has led to evolution in
alloys which are to be employed as cladding and
ZUDSSHUPDWHULDOV'DPDJLQJHႇHFWVRIWUDQVPXWDWLRQ
product helium and energetic neutrons are mitigated
by microstructural designs like high angle grain
boundaries, twin boundaries, phase boundaries and
IUHHVXUIDFHVZKLFKFDQHႇHFWLYHO\DEVRUEUDGLDWLRQ
induced defects. In advanced steels like D9 alloys
WKHVHPLFURVWUXFWXUDOFRPSRQHQWVDUH¿QHSUHFLSLWDWHV
YL] 7L& DQG 1LSi which occur in high number
densities and facilitate annihilation of defects and
GLVSHUVH KHOLXP WR VXEFULWLFDO VL]HG FDYLWLHV WKHUE\
impeding their growth.

Critical VL]HGFDYLWLHVDUHQHXWUDOVLQNVLQWKDWWKHUHLV
no preferential bias for a particular type of point defect.
6XFKFDYLWLHVFDQJURZZKHQWKHQHWÀX[RIYDFDQFLHV
overweigh those of interstitials, a condition which is
facilitated by the dislocation bias for interstitials. This
phenomena which is referred to as void swelling is
FKDUDFWHUL]HGE\DEHOOVKDSHGWHPSHUDWXUHGHSHQGHQFH
and is also one of the major causes of dimensional
instability of core structural materials. Void swelling
behavior in ion irradiated D9 alloys and their response
to irradition induced precipiates is presented here. D9
DOOR\VLQ&:FRQGLWLRQKDYHEHHQLPSODQWHGZLWK
DSSPKHOLXPDWRPVDQGVXEVHTXHQWO\LPSODQWHG
ZLWK0H91LLRQVXSWRSHDNGDPDJHRIGSD
The nickel implantations have been carried out through
DUDQJHRIWHPSHUDWXUHVEHWZHHQ&DQG&
(a)

(c)

The evolution of cavities and TiC precipitates at various
temperatures has been followed by TEM. The evidence
of the formation of voids and TiC precipitates during
LUUDGLDWLRQRIVDPSOHVDW&DQG&LVLOOXVWUDWHG
in Figures D WR F 7KH HOHFWURQ GLႇUDFWLRQ VKRZLQJ
DXVWHQLWHDQG7L&VSRWVLVVKRZQLQ)LJXUHG
The void swelling has been calculated by estimating the
total void volume occupied by voids. The temperature
GHSHQGHQFHRIYRLGVZHOOLQJDWGLႇHUHQWWHPSHUDWXUHV
is illustrated in Figure H. It was found that moving from
&WKHDYHUDJHVL]HRIYRLGVLQFUHDVHGIURPWR
QPDW&DQGWKHUHDIWHURQO\DPDUJLQDOJURZWK
XSWRQPZDVREVHUYHGDWKLJKHUWHPSHUDWXUHV
7KHUHIRUHWKHGHFUHDVHLQVZHOOLQJEH\RQG&FDQ
be ascribed to a decrease in density of voids rather than
UHGXFWLRQ LQ YRLG VL]HV7UDFNLQJ WKH HYROXWLRQ RI7L&
SUHFLSLWDWHGHQVLWLHV )LJXUHH one can observe a peak
LQSURGXFWLRQRI7L&SUHFLSLWDWHVDW&7KHUHLVD
correspondence between the temperature dependence
of void swelling and TiC precipitate formation. The
regime below the peak swelling temperature is
UHFRPELQDWLRQ GRPLQDWHG WKHUHIRUH WKH LQFUHDVH LQ
density of sinks (TiC precipitates) should have a lower
HႇHFWRQVZHOOLQJ+RZHYHUDWWHPSHUDWXUHVEH\RQGWKH
peak swelling temperature where mobility of vacancies is
increased, the regime is sink dominated. In this regime,
DQLQFUHDVHLQGHQVLW\RIVLQNVLVH[SHFWHGWRLQÀXHQFH
void swelling. The observed reduction in swelling at
& ZKHUH WKH GHQVLW\ RI 7L& SUHFLSLWDWLRQ LV
PD[LPXP LVDQHYLGHQFHRIWKLVHႇHFW

(b)

(d)

(e)

Fig. 1 Figures illustrating voids (arrows point towards typical voids) in D9 alloys irradiated at (a) 550 C and (b) 600 C; As
can be observed the void density is greater for irradiation performed at 550 C. Figures showing (c) HRTEM images
of TiC precipitates and (d) selective area diffraction SAD showing austenite spots (unmarked) and TiC spots (in red)
and (e) void swelling and TiC precipitate density dependence on temperature
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III.17 'HYHORSPHQWRI:HOGLQJ0HWKRGRORJ\IRU&RPSOH[
6KDSHG7UL-XQFWLRQ)RUJLQJ6HFWRUVRI5RRI6ODE

T

he design of future FBRs is being powered with
emphasis on enhanced safety and improved
economy. The design of roof slab which is one of the
LPSRUWDQWFRPSRQHQWRIUHDFWRUKDVEHHQUHORRNHGDQG
after comparing merits and demerits of box type structure
in carbon steel as in PFBR with dome type structure in
VWDLQOHVVVWHHOLWLVSURSRVHGWRDGRSWWKHODWWHU )LJXUHD 
for future FBRs.
In the dome type design, main vessel along with its
internals gets connected to roof slab at its outer periphery
and the weight of entire reactor assembly is transferred
to concrete vault through a conical shell which is also
connected at the junction of main vessel and roof slab.
Due to large amount of load being transferred as well
as the geometrical discontinuity, the junction is heavily
stressed. Maintaining geometrical continuity through the
WULMXQFWLRQFRQQHFWLQJURRIVODEPDLQYHVVHODQGUHDFWRU
assembly support is very important. Considering the
critical location of this joint as well as higher operating
WHPSHUDWXUHZLWKVLJQL¿FDQWWKHUPDOJUDGLHQWIRUJHGULQJ
LQ66/LVVHOHFWHGIRUWKLVMRLQWLQVWHDGRIZHOGHG
joint.
$VWKHPDMRUFKDOOHQJHLQUHDOL]LQJWKHGRPHFRQFHSW
is indigenous availability of the forged ring, the same
in a typical required cross section was successfully
PDQXIDFWXUHG 'XH WR ODUJH GLDPHWHU RI WULMXQFWLRQ
ULQJ WKH IRUJLQJ ZDV GHYHORSHG LQ WKH IRUP RI 
VHFWRUV )LJXUH E  &RQVLGHULQJ WKH FRPSOH[ VKDSH
RIWKHIRUJLQJSDUDPHWHUVOLNHZHOGMRLQWFRQ¿JXUDWLRQ
to be adopted, access for carrying out welding and full
YROXPHWULFH[DPLQDWLRQHWFQHHGWREH¿QDOL]HGEHIRUH
WDNLQJXS WKH LQWHJUDWLRQ RI WKH VHFWRUV7RZDUGV WKLV
a technology development exercise was initiated and
VXFFHVVIXOO\FRPSOHWHGWRGHYHORSDQG¿QDOL]HVXLWDEOH
ZHOGLQJ PHWKRGRORJ\ DQG GHPRQVWUDWH IXOO\ TXDOL¿HG
weld between the forged sectors. Following important
REMHFWLYHVZHUHLGHQWL¿HGIRUWKLVGHYHORSPHQWDFWLYLW\

(a)

(b)

 $UULYLQJDWZHOGMRLQWFRQ¿JXUDWLRQWREHDGRSWHG
 )LQDOL]DWLRQRIVHTXHQFHRIZHOGLQJWREHDGRSWHG
towards reducing weld distortion
 'HPRQVWUDWLQJWKHDFFHVVIRUFDUU\LQJRXWZHOGLQJ
DQGQRQGHVWUXFWLYHH[DPLQDWLRQ 1'(
 'HYHORSLQJDZHOGLQJSURFHGXUH
 'HPRQVWUDWLQJPHDQLQJIXO1'(WRZDUGVTXDOLI\LQJ
the joint for reactor application.
Several challenges were faced during the development
exercise. One of the important challenges was in making
available SS forging sectors for undertaking the welding
development exercise. To overcome this, carbon steel
forging sector developed by the forging industry as
SDUWRIIRUJLQJPRFNXSH[HUFLVHZDVXVHG,QRUGHUWR
RYHUFRPHWKHGLႇHUHQFHLQZHOGLQJSDUDPHWHUVEHWZHHQ
carbon steel and stainless steel, welding edges were
EXWWHUHG ZLWK 66 HOHFWURGH  /  WR D WKLFNQHVV RI
PPVRWKDW66ZHOGLQJZLWK66/HOHFWURGHFRXOG
EHDGRSWHG)XUWKHUDVRQO\RQH&6VHFWRURIZDV
DYDLODEOHWKHVDPHZDVFXWLQWRWKUHHSLHFHVRIHDFK
VRWKDWWZRMRLQWVRQHDVTXDOL¿FDWLRQMRLQWDQGRWKHUDV
demonstration joint can be welded.
Ensuring defect free root weld is critical for obtaining
VRXQG¿QDOZHOG7KLVGHSHQGVRQVHOHFWLRQRIVXLWDEOH
ZHOGMRLQWFRQ¿JXUDWLRQZLWKZHOOGH¿QHGURRWUHJLRQ
which permits access for welding as well as inspection.
'XHWRWKUHHGLႇHUHQWOHJVRIWKHIRUJLQJWKDWPHHWDW
centre as well as higher thickness of material involved,
YLVXDOL]DWLRQRIZHOGJURRYHZKLFKQHHGVWREHDGRSWHG
LWVHOILVGLႈFXOW7RRYHUFRPHWKLVZHOGHGJHPRGHOV
ZHUHPDGH )LJXUHF DQGVWXGLHGIRUURRWDFFHVV
,QRUGHUWRDFFHVVWKHFHQWUHRIWKHWULMXQFWLRQUHJLRQ
from top, the weld edge was pushed inside by adopting
D GLႇHUHQW PDFKLQLQJ UDGLXV ORFDOO\ 7KLV HQVXUHV
more or less equal distance from the three welding
VLGHVWRWKHWULMXQFWLRQ%DVHGRQWKHFODULW\REWDLQHG

(c)

Fig. 1 (a) Half-sectional view of dome shaped roof slab, (b) 30& sector view of tri-junction forging and (c) wooden mock-up
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(a)

(b)

(c)

Fig. 2 (a) Weld edge preparation, (b) RT shooting sketch showing regions covered in each stage and (c) welded forging
sector

ZLWKPRGHOVWKHZHOGMRLQWFRQ¿JXUDWLRQZDV¿QDOL]HG
and machined over the buttered edge of forging
)LJXUHD 
Distortion control in complex shaped weld joint with large
weld metal deposit is really challenging. To overcome
WKH DQWLFLSDWHG GLႈFXOWLHV QDUURZ JDS ZHOGLQJ ZKLFK
reduces amount of weld deposit and balanced sequential
welding are adopted. In order to monitor distortion
during welding so that corrective actions can be taken
at intermediate stage itself, gauge marks at a gap of
PPEHWZHHQWZRIRUJLQJSLHFHVRQZHOG¿WXSZDV
PDUNHG%DVHGRQWKH¿QDOPHDVXUHPHQWVPDGHDIWHU
WKHZHOGLQJZHOGVKULQNDJHRIPPLQDUDQGRPO\
distributed way was observed between the two pieces
which indicates minimal weld distortion.
Non destructive examinations play very important role
in the quality control of nuclear components. Access
IRUFDUU\LQJRXWVSHFL¿HGQRQGHVWUXFWLYHH[DPLQDWLRQV
covering entire weld volume is very critical in this aspect.
)ROORZLQJQRQGHVWUXFWLYHH[DPLQDWLRQVZHUHVSHFL¿HG
for the joint as per the design code requirements:
'LH3HQHWUDQWH[DPLQDWLRQRIZHOGHGJHV
'LHSHQHWUDQWH[DPLQDWLRQRIURRWSDVVEDFNSDVV
'LHSHQHWUDQWH[DPLQDWLRQDIWHU¿QDOSDVV
 YROXPHWULF H[DPLQDWLRQ UDGLRJUDSK\ RU
ultrasonic).
Considering the complex geometry of the root as well
DVGLႈFXOWLHVLQFDUU\LQJRXWUHSDLUZRUNDWODWHUVWDJH
if defects are observed near the root region, following
DGGLWLRQDOQRQGLVWUXFWLYH 1' H[DPLQDWLRQVZHUHDOVR
employed as part of development.
 'LHSHQHWUDQWH[DPLQDWLRQDIWHUHDFKOD\HU
 5DGLRJUDSKLFH[DPLQDWLRQDIWHUURRWDQGKRWSDVV
 5DGLRJUDSKLFWHVWLQJDIWHUrd of weld deposit
 8OWUDVRQLFH[DPLQDWLRQRI¿QDOZHOGLQDGGLWLRQWR
radiography examination.
/RFDWLQJWKHUDGLRJUDSKLFWHVWLQJ 57 ¿OPDQGVRXUFH
in order to provide complete coverage for the entire

volume was one of the most important challenges
faced in this development exercise. To overcome this,
PXOWLSOHH[SRVXUHVZHUHFDUULHGRXWE\SODFLQJWKH¿OP
and source at various locations. Prior to carrying out RT,
VKRRWLQJVNHWFK )LJXUHE ZDVSUHSDUHGLGHQWLI\LQJWKH
ORFDWLRQRIVRXUFHDVZHOODV¿OPVRDVWRJHWPD[LPXP
coverage. Further, to overcome the large variation in
WKLFNQHVV LQ HDFK H[SRVXUH ¿OPV RI GLႇHUHQW RSWLFDO
GHQVLW\ 'DQG' ZHUHXVHG
In order to demonstrate capture of any root defect by
57RQWKHFRPSOHWHGZHOGDPPGLDVLGHGULOOKROH
was made in the root region and it was observed that
57VKRRWLQJIURPWZRGLႇHUHQWORFDWLRQVFOHDUO\VKRZV
WKHSUHVHQFHRIKROH7KLVTXDOL¿HVWKHVXLWDELOLW\RI57
for the joint.
7KRXJK FRGDO UHTXLUHPHQWV VSHFL¿HV HLWKHU RI 57 RU
ultrasonic testing (UT) as volumetric examination, UT
RIWKH¿QDOZHOGZDVDOVRFDUULHGRXWDVDFRQ¿GHQFH
enhancing measure. Prior to carrying out UT, similar to
RT shooting sketch, UT scanning sketch was prepared
WR¿QDOLVHW\SHVRISUREHV&RPELQDWLRQRIQRUPDODQG
DQJXODUSUREHVRIGLႇHUHQWDQJOHV DQG& DQG
IUHTXHQFLHV DQG0+] ZHUHXVHGWRDFKLHYH
maximum volumetric coverage.
Subsequent to demonstration of access as well as defect
free weld, mechanical testing (tensile, impact, bend,
KDUGQHVVPLFURDQGPDFUR RIZHOGVSHFLPHQVIURP¿UVW
joint was carried out. Here also, considering the critical
nature of root weld, the specimens were located very
close to the root region and specimens for macro and
micro examinations were taken from the intersection of
WKUHH MRLQWV7KH UHVXOWV RI PHFKDQLFDO WHVWV FRQ¿UPV
WKH VSHFL¿FDWLRQ UHTXLUHPHQWV DQG KHQFH WKH TXDOLW\
of weld achieved.
7KH FRPSUHKHQVLYH ZHOGLQJ GHYHORSPHQW )LJXUH F 
exercise established the methodology to be followed
for carrying out the welding of complex shaped joint and
demonstrated the feasibility of undertaking meaningful
QRQGHVWUXFWLYHH[DPLQDWLRQVWRZDUGVPHHWLQJWKHFRGDO
requirements.
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III.18 *HRPHWULFDO(ႇHFWRQ6RGLXP$HURVRO
Characteristics in Cover Gas Region

I

n the normal operating condition of sodium cooled
IDVWUHDFWRUWKHWHPSHUDWXUHGLႇHUHQFHEHWZHHQWKH
sodium pool and the bulk gas temperature leads to
considerable evaporation of sodium from the surface
of the pool and subsequent condensation results in the
formation of sodium aerosol within the cover gas space
HLWKHU E\ KHWHURJHQHRXV QXFOHDWLRQ RU VHOIQXFOHDWLRQ
(homogeneous nucleation). These aerosols modify
the total heat transfer to the cooled roof structure
by absorption and scattering mechanisms and get
deposited on the cooler surfaces like annular gaps,
roof top, control plug, rotating plug and fuel handling
machine resulting in deposition of aerosols, which
hinders the rotational movement of rotating plug and
operation of fuel handling machine. The presence of
VRGLXPDHURVROVDOVRKDVDQHႇHFWRQWKHRSHUDWLRQRI
FRYHUJDVSXUL¿FDWLRQV\VWHPDQGUHGXFHVWKHYLVLELOLW\
RIWKHFRYHUJDVUHJLRQGXULQJLQSLOHLQVSHFWLRQ+HQFH
it is important to know the sodium aerosol concentration
DQGVL]HGLVWULEXWLRQRIVRGLXPDHURVROVSUHVHQWLQWKH
cover gas region. As the aerosols concentration is
YHU\ PXFK GHSHQGDQW RQ WKH WHPSHUDWXUH GLႇHUHQFH
between the surface of the sodium pool and the bottom
of the roof top plug and surface area of the pool, a study
has been conducted by changing the pool temperatures
IURP  WR & DQG LQ WZR GLႇHUHQW VRGLXP 7HVW
3RWV73 GLDPHWHULVPP DQG73 GLDPHWHULV
 PP  DQG NHHSLQJ WKH FRYHU JDV KHLJKW DW
PPLQ6,/9(5,1$/RRS7KHUHVXOWVDUHSUHVHQWHG
below.
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temperature. The aerosol sample in the cover gas is
PDGHWRSDVVWKURXJKWKHERWWOHWKXVVROLGL¿FDWLRQRI
aerosol particle would occur as the cover gas enters
LQWR WKH SDUDႈQ RLO 7KH UHVLGHQFH WLPH RI WKH FRYHU
JDV LV LQFUHDVHG GXH WR EDႉH DUUDQJHPHQW ZKLFK
ensures that all sodium aerosols get trapped from the
FRYHU JDV EHIRUH LW HVFDSHV WKH ERWWOH 7KH SDUDႈQ
RLO ZLWK VDPSOH LV DQDO\]HG IRU GHWHUPLQLQJ WKH VL]H
distribution of sodium aerosols. The measurement
of Na aerosols mass concentration is carried out by
conductivity method using conductometer.
7KHPDVVFRQFHQWUDWLRQLQFRYHUJDVUHJLRQ )LJXUH 
LVIRXQGWRYDU\IURPWRJP IRU73DQG
 WR  JP IRU 73  DQG WKH PDVV PHGLDQ
GLDPHWHULVIRXQGWRYDU\IURP±PIRU73
DQG IURP  ±  P IRU 73 )LJXUH   IRU SRRO
WHPSHUDWXUHVYDU\LQJIURPWR&

The aerosol sampling is performed using a custom built
aerosol sampling system consisting of aerosol sampling
tube, sampling bottle, line heaters, line controller and
DHURVROÀRZFRQWUROOLQJGHYLFH6DPSOLQJERWWOHLV¿OOHG
ZLWK SDUDႈQ RLO PO  DQG PDLQWDLQHG at ambient

A theoretical simulation has been carried out to
predict the sodium aerosol mass concentration with
respect to pool temperature for a given geometry
of the vessel and cover gas temperature using an
LQKRXVHGHYHORSHGFRGH$JRRGDJUHHPHQWKDVEHHQ
observed for the sodium aerosol mass concentration
between theoretical prediction and experimental
PHDVXUHPHQW )LJXUH ,WLVREVHUYHGWKDWVRGLXP
DHURVROPDVVFRQFHQWUDWLRQLVPRUHLQ73FRPSDUHG
WRWKDWLQ73DQGSDUWLFOHVL]H 00' LVODUJHLQ73
UHODWLYH WR 73 IRU DOO WHPSHUDWXUHV RI WKH VRGLXP
SRRO6LQFHWKHYROXPHRIWKHFRYHUJDVVSDFHRI73
LVVPDOOHUWKDQWKDWRI73LWSURPRWHVFRDJXODWLRQ
UHVXOWLQJ LQ D ODUJHU VL]H UDQJH 00' FRPSDUHG WR
73 6LQFH SDUWLFOH VL]H LV ODUJH LQ 73 WKH
gravitational settling is more resulting in lower
FRQFHQWUDWLRQ LQ 73 7KHVH FRQGLWLRQV DUH ZHOO
simulated in the model.

Fig. 1 Sodium aerosol mass concentration for various
sodium pool temperature for sodium test pot 1
and 3 (solid lines indicate theoretical stimulation)

Fig. 2 Mass median diameter of sodium aerosols for
various sodium pool temperatures for test pot 1
and 3

CHAPTER IV
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IV.1

Construction Status
of Fast Reactor Fuel Cycle Facility (FRFCF)

F

ast Reactor Fuel Cycle Facility comprising of Fuel

On the procurement front, several bulk supplies of

Reprocessing, Reprocessed Uranium Oxide, Fuel

raw materials such as about 4250 ton of Pig Lead

Fabrication, Core Subassembly and Waste Management

ingots and 3140 ton of stainless steel sheets and

Plants along with necessary supporting facilities is

plates were received at site to be issued as free issue

under construction at Kalpakkam piloted by IGCAR

material for fabrication of shielding bricks and process

with technical support from BARC and NFC. This facility
is being built to close the fuel cycle of Prototype Fast
Breeder Reactor (PFBR) and facilitate its sustained
operation and it is co-located with PFBR thereby
eliminating the movement of radioactive spent fuel and

size glove boxes and fume hoods has commenced
and a few pieces have been received at site. Orders
have been placed for several long delivery high
value items such as seamless stainless steel pipes,

refabricated fresh fuel in the public domain.

ZHOGHG66SLSHVWKUHHGLႇHUHQWW\SHVRIPDVWHUVODYH

Excavation work in the nuclear island area (Figure 1)

slabs. Procurement actions are underway for process

is nearing completion with hard rock layers being
removed by controlled blasting operations to reach
the foundation depth of the various plant buildings.
Geotechnical investigations and Geological mappings
DUHXQGHUZD\WRFRQ¿UPWKHVHLVPRORJLFDOGHVLJQVRI
the plant building constructions and accord clearances
for civil construction of the plants. At present the site
for Waste Management Plant is fully geared up for
the start of construction and the work order for the
same is about to be placed. Constructions of a few of
the infrastructure buildings such as Training Centre

manipulators and radiation shielding window glass
equipment for Fuel Fabrication Plant and instruments
for the Characterization Laboratory.
The manpower of FRFCF after commissioning will be
1952 and in order to meet the housing requirements,
about 1800 and odd dwelling units are planned to be
FRQVWUXFWHG LQ D SKDVHG PDQQHU ,Q WKH ¿UVW SKDVH
about 600 houses are planned to be constructed in the
Anupuram Township. Augmentation of infrastructure of
the townships for meeting all the requirements of these
additional constructions is also in progress.

(Figure 2), Administration Building (Figure 3), Central

Considerable progress was achieved during the year

Surveillance, Safety & Health Physics Buildings have

despite the major constraint of not having adequate

FURVVHG WKH VHFRQG ÀRRU OHYHO DQG D IHZ RWKHUV VXFK

manpower and the essential requirement of multiple

as Canteen Building, Stores & Workshop Extensions

clearances in view of the highest quality and safety

KDYHFURVVHG¿UVWÀRRUOHYHO&RQVWUXFWLRQDFWLYLWLHVKDYH

standards of such a mega project. Further peaking of

commenced for some of the common services buildings

construction activity is envisaged in the coming year.

such as Diesel Generator Building, Oil Storage Building

)5)&) LV WKH GH¿QLQJ SURMHFW RI WKH VHFRQG VWDJH RI

and Centralised Water Chilling Plant.

the Indian Nuclear Power Programme.

Fig. 1 Excavation in the nuclear island
area for construction of plant
buildings
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vessels and tanks respectively. Fabrication of standard

Fig. 2 Training Centre of FRFCF under
construction

Fig. 3 Administration building of
FRFCF under construction
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IV.2

Performance Evaluation of Centrifuge System
of DFRP

T

he centrifuge system is intended for efficient
separation of solids suspended in a liquid medium
by means of mechanical acceleration via centrifugal
force. These systems are required to be operated at
high speed centrifugal rotation of the order of 20000 rpm
and at high throughput of the order of 400 lph. The
centrifuge extractor system is very much useful in
fuel reprocessing plant, in which suspended solids in
KLJKO\UDGLRDFWLYHÀXLGVFDQEHUHPRYHGHႈFLHQWO\7KH
performance of the DFRP centrifuge system is evaluated
for various rotational speeds of centrifuge bowl (20000,
DQGUSP IRUGLႇHUHQWWKURXJKSXWRIIHHG
liquid (90 - 470 lph). The performance is also evaluated
for the half loaded condition of solid particles and varying
WKHFODUL¿FDWLRQOLTXLGÀRZUDWHIURPOSK
Ferric Oxide (Fe2O3) powder suspended in DM water
JO LVXVHGDVDIHHGOLTXLG7KHUHPRYDOHႈFLHQF\RI
Fe2O3 particles from the water medium is evaluated by
YDU\LQJWKHUSPRIWKHLQQHUERZOIRUYDULRXVÀRZUDWHV
RIWKHIHHGOLTXLG7KHUHPRYDOHႈFLHQF\LVGHWHUPLQHG
by measuring the concentration of the feed liquid
(suspended mass concentration of the particles per unit
volume of the liquid) by laser obscuration method by
XVLQJ0DVWHUVL]HU7KHHႈFLHQF\ Ș RIFHQWULIXJHXQLW
is determined by the empirical equation,



Ș = Ci - Co * 100/Ci
where Ci and Co are inlet and outlet concentrations
of liquid. The concentration of the sample liquid is
estimated by using a calibration chart obtained for
various concentrations.

Fig. 1 Efficiency of the centrifuge unit vs flow rate of liquid
(rpm=20000)

It is observed from the size distribution data obtained
IRUHDFKVDPSOHWKHHႈFLHQF\LQFUHDVHVZLWKLQFUHDVH
in particle size and for a given particle size removal
HႈFLHQF\ LQFUHDVHV ZLWK GHFUHDVH LQ IHHG OLTXLG ÀRZ
UDWHV7KHUHGXFWLRQLQUHPRYDOHႈFLHQF\LVGXHWRWKH
decrease in residence time of the suspended particles
when the throughput is increased. Also,when the
rotational speed of the bowl decreases the particles
removal efficiency decreases which is due to the
reduction of centrifuge force.

)LJXUHVKRZVWKHYDULDWLRQRIFHQWULIXJHHႈFLHQF\DV
DIXQFWLRQRIÀRZUDWHRIIHHGOLTXLG,WLVREVHUYHGWKDW
HႈFLHQF\GHFUHDVHVZLWKLQFUHDVHLQWKURXJKSXWRIWKH
liquid. The total number concentration is calculated for
WKHLQOHWDQGDWWKHRXWOHWIRUYDULRXVÀRZUDWHVRIWKH
feeding liquid and is shown in Figure 2. It is observed
IURPWKH¿JXUHWKDWWKHSDUWLFOHQXPEHUFRQFHQWUDWLRQ
LQRXWOHWVROXWLRQGHFUHDVHVZLWKGHFUHDVHLQÀRZUDWH
RIIHHGOLTXLG7KHHႈFLHQF\RIWKHV\VWHPLVQRWHGWR
LQFUHDVHIRUORZHUÀRZUDWHVRIIHHGOLTXLG
Experiment is also performed with half filled bowl
and with reduced particles concentration of 4 g/l and
maintaining the rotation of bowl at about 20000 rpm.
,Q WKH KDOI ¿OOHG ERZO FRQGLWLRQ WKH SDUWLFOH UHPRYDO
HႈFLHQF\ZDVUHGXFHGE\IRUODUJHUWKURXJKSXWV
compared to that of empty bowl conditions.

Fig. 2 Total number concentration (N) of particles measured
for various throughputs (rpm=20000)
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IV.3

Hydrodynamic and Mass Transfer Validation
of Multistage Centrifugal Extractor Banks for DFRP

R

eprocessing of spent fuel from FBTR (up to
155 GWD/t burnup) has been sucessfully
demonstrated in the CORAL facility of Reprocessing
Group. Regular processing of FBTR spent fuel and
demonstration of PFBR fuel reprocessing will be carried
out in demonstration fuel reprocessing plant (DFRP).
Based on CORAL experience, centrifugal extractors
(CEs) have been selected as contactors for solvent
H[WUDFWLRQ EDVHG VHSDUDWLRQ RI 8 DQG 3X IURP ¿VVLRQ
SURGXFWV7KHVH&(VDUHJURXSHGLQGLႇHUHQWEDQNVIRU
VHUYLQJGLႇHUHQWSDUWVRIVROYHQWH[WUDFWLRQÀRZVKHHW
Two types of centrifugal banks to be employed in DFRP
are 20-stage banks for extraction cycle and 22-stage
banks for stripping cycle. These CEs are driven by
individual electrical 3I induction motor, coupled to a
variable frequency drive controller. The motor drive is
directly coupled to the rotor of the CE. The motor, motor
VHDWLQJEORFNDQGURWRURIWKH&(DFWDVDVLQJOHXQL¿HG
assembly for ease of installation and maintenance by
remote means. For the purpose of hydrodynamic and
mass transfer evaluations of the DFRP CE banks, prior
to installation inside the process cell and connections to
related piping, these were tested in inactive environment
ZLWK7%3VROYHQWDQGDTXHRXVQLWULFDFLGVROXWLRQV
For hydrodynamic tests, the aqueous-organic pair
XVHGZDV0QLWULFDFLGVROXWLRQ7%37KHVH
solutions were pre-equilibrated to rule out mass transfer
during hydrodynamic runs. In the hydrodynamic runs,
limiting combined throughputs of the CE banks were
H[SHULPHQWDOO\GHWHUPLQHGDWÀRRGLQJFRQGLWLRQV7KH&(
LVVDLGWRKDYHÀRRGHGZKHQRWKHUSKDVHFDUU\RYHULQWKH
SURGXFWVWUHDPHTXDOV7KLVDOVROLPLWVHQWUDLQPHQW
and during operation, the other-phase carryover should
be less than this limit. The actual working combined
WKURXJKSXWLVQRUPDOO\WDNHQDVRIWKHPD[LPXP
FRPELQHGWKURXJKSXWDWÀRRGLQJWRHQVXUHDVWDEOHDQG
UREXVWRSHUDWLRQ%\GHWHUPLQLQJÀRRGLQJWKURXJKSXWV
the DFRP CE banks were individually characterized for
their operating envelop. The experimental setup shown
in Figure 1 consists of the CE bank being tested, 2 VFD
drive controllers for running motors, 2 MFP process
pumps with Q3 heads for pumping aqueous and organic
streams and one MFP process pump as interstage
organic pump between the two rows of extractors at
GLႇHUHQWHOHYDWLRQ
0DVV WUDQVIHU HYDOXDWLRQ RI GLႇHUHQW &( EDQNV ZDV
performed as per their operating conditions. Centrifugal
extractor banks, meant for extraction were operated
ZLWKIUHVK7%3VROYHQWDQGDQDTXHRXV0QLWULF
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Fig. 1 A view of experimental setup for testing DFRP
centrifugal extractor banks

acid solution at the A/O ratios in the range 0.2-2.44.
Extractor banks, meant for stripping service were
RSHUDWHG ZLWK DFLG ORDGHG  7%3 IURP H[WUDFWLRQ
experiments) and a strip solution consisting of approx.
0.01 M nitric acid. The total combined throughput during
mass transfer experiments ranged between 9 and
39 L/h. The corresponding combined throughputs were
5 to 7.12 L/h and 8.5 to 13.1 L/h for FBTR and PFBR fuel
UHSURFHVVLQJÀRZVKHHWFRQGLWLRQVUHVpectively. Figure 2
shows a McCabe plot for mass transfer evaluation for a
typical extraction run on a 1-A extraction bank.
The experimental samples of mass transfer runs
were analyzed by thermometric titration for higher
concentration ranges and by indicator based acid-base
titration in the case of dilute concentration ranges.
Scanning of the bank and its motors by an IR based
thermal imaging camera during one of the extraction runs
revealed that the temperature of all the motors was well
within permissible limit without any hotspot, indicating a
reliable operation.
In this exercise, a total of eight banks were evaluated
for their hydrodynamic and mass transfer performance.
In all the cases, experimental results indicated excellent
performance and the tested CE banks are being
installed.

Fig. 2 McCabe plot for mass transfer evaluation: stage
performance of CE bank
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IV.4

Development of Special Connectors
for Hot Cells

I

n the reprocessing plants, connectors are used to
power induction motor, stepper motor, servo motor,
in-cell camera, limit switches, lamps and RTDs that
are located within the hot cell. In the hot cell highly
corrosive nitric acid vapor, organic solvents and high
radiation environments prevail. There is no direct human
contact to the hot cell. Master slave manipulator (MSM)
is used for remote operations. As the connectors which
are readily available in the market do not withstand the
special requirements for use in hot cell, they have to be
customised as per our requirement.
The major challenges regarding the material used
for connectors in the hot cell are, corrosion of the
connector’s electrical contacts resulting in the damage
of the insulator and elastomer due to organic vapour
and radiation. The connector body needs to be handled
UHPRWHO\ XVLQJ 060 DQG VR LW KDV WR EH RI SXVK±¿W
design. The materials used for the connector should
withstand radiation dose up to 25 MRad, corrosion
resistance to nitric acid (liquid & vapor phases) and
RUJDQLF VROYHQW  7%3 LQ GRGHFDQH  RSHUDWLRQ
temperature up to 100°C, operating at 230 V AC with
maximum current carrying capacity of 13 A, insulation
resistance of 5000 MOhm and 500 connect-disconnect
cycles of operation. For this purpose, connectors with
WKHDERYHVDLGVSHFL¿FDWLRQVZHUHGHVLJQHGIDEULFDWHG
DQGTXDOL¿HGIRUXVHLQWKHKRWFHOO

Fig. 1 Special connectors for hot cell facility

content in the nickel plating would impart strength and
solderability of the material.
Fabrication process
The surface of base metal was cleaned and coated with
5 micron thick nickel by electroless nickel plating (EN)
technique as per ASTM B281. EN technique was used
to obtain uniform thickness over the most complicated
VXUIDFHV(1WHFKQLTXHRႇHUVPRUHUHVLVWDQWFRDWLQJWR
corrosion than electroplating of nickel and the plating
metal will not seize with other metals under pressure.
An acid bath was used to remove the passivated layer
on the surface of nickel. Then 2.54 micron (min.) thick
gold was electroplated uniformly all over the surface.
The hardness and gold purity were maintained to be
EHWWHUWKDQ.QRRSDQGUHVSHFWLYHO\;UD\
IOXRUHVFHQFH ;5)  PHWKRG ZDV XVHG WR ILQG WKH
thickness, composition and hardness of the coating.

Connector design

4XDOL¿FDWLRQFULWHULDIRUFRQQHFWRUV

The design for the outer shell was specialized for MSM
RSHUDWLRQ7KHIHPDOHFRQQHFWRUKDVDÀDQJHZLWKIRXU
KROHV DV D SHUPDQHQW ¿[WXUH LQVLGH WKH KRW FHOO 7KH
PDOH SRUWLRQ KDV ÀDW VXUIDFH RQ DOO IRXU VLGHV RI WKH
connector to grip while handling via MSM and also a
stopper to avoid slipping after gripping. The material
used was 304L stainless steel. Viton (to embed on the
shell to avoid axial or rotary movements) and EPDM (to
prevent the ingress of acid vapor to the solder section)
as O-ring, seals, Grommet cum cable guide etc., were
recommended as per 7.5 of JSS-50812. The base
metals were beryllium -copper alloy and brass. Berylliumcopper was used because of its superior properties like
smaller size, light weight and stronger material compared
to brass. The base metal was plated with nickel and
gold as per MIL-G-45204. Nickel was used as an under
FRDWIRUJROGEHFDXVHLWDFWVDVDGLႇXVLRQEDUULHUWKDW
prevents any form of substrate (base metal) migration
to the top coating. Type-I gold plating was imposed, as it
SURYLGHVJRRGFRUURVLRQUHVLVWDQFHSKRVSKRURXV

Finished prototype connector, shown in Figure 1 was
obtained for rigourous testing before bulk production.
4XDOL¿FDWLRQ DSSURYDO WHVWV VXFK DV URXWLQH DQG W\SH
tests were conducted based on JSS 50812, JSS 50800,
JSS 50101, MIL–DTL-5015H, ASTM B-733 and ASTM
B488 standards. The type test includes temperature
cycling test, climatic test, damp heat test (steady
state) and corrosive atmosphere test.The routine tests
comprise voltage proof (5 second), engagement and
disengagement force for the connector, contact and
insulation resistance, life (mechanical and electrical),
solderability, insert retention (in shell), contact retention
(in insert), corrosion test against nitric acid vapor (gold
plated contacts), plating thickness and composition of
nickel and gold and intermateability.
The connectors which were designed, fabricated and
tested as per the above special requirements are in
use at CORAL facility of Reprocessing Group. The
performance of these connectors is satisfactory.
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IV.5

Design of Single Subassembly Transport Cask
for DFRP

T

he spent fuel subassemblies of PFBR are stored
and cooled within the reactor vessel for a period of
480 days. Further cooling is done at spent subassembly
storage bay using de-mineralised water. The spent
subassembly is transported to DFRP at a decay power
RIN:IRUWKHLQLWLDOGHPRQVWUDWLRQRIUHSURFHVVLQJ
using single subassembly transport cask (SSTC). SSTC
is designed to suit the interface requirements and
handling capacity of crane available at DFRP. AERB SC
TR – 1 stipulates the regulations for the safe transport of
radioactive material in public domain under normal and
accidental conditions. Movement of cask is within the
site of Kalpakkam from PFBR to DFRP during non busy
hours with a restricted speed limit of maximum 10 km/h.
667&LVFODVVL¿HGDVVSHFLDOW\SHRISDFNDJHDQGLWLV
designed to meet the normal conditions for transport and
QHHGQRWEHTXDOL¿HGIRUDFFLGHQWDOFRQGLWLRQVVSHFL¿HG
in the code. Choice of material for the cask is done based
on structural, shielding and surface decontamination
requirements.

Description of SSTC

Sufficient shielding is to be provided around the
subassembly to limit the dose on contact / 1 metre
away from the cask surface to 2 mSv/h / 100 μSv/h
respectively. The cask is to be maintained subcritical
under normal conditions of transport. Containment
boundary of the cask is to be ensured to avoid
spreading of contamination under normal conditions
of transport. Cask outer surface temperature is to be
maintained within 85 oC under all conditions. Design of
cask retention system is to be designed with adequate
tie-down suitable for road transport. All lifting devices and
its attachments are to be designed as per ANSI 14.6.

The overall size of the cask is 1100 mm outer diameter
and 5500 mm long (without impact limiters) with a inner
cavity of ࢥ 360mm arrived based on size of subassembly
(4520 (l) x 151 mm a/c) to be handled. SSTC consists
of six shielding blocks out of which shielding blocks
1 and 6 are made of SS casting as per ASTM A 351 Gr.
CF3 and the remaining shielding blocks are made of
cast steel as per ASTM A27 Gr. 70-40. Shielding blocks
2-5 are connected by a spigot connection and joined
together by tie rods. Outer surface of the above shielding
blocks are lined with SS 304L liner to facilitate its washing
and decontamination and protect the carbon steel
parts from corrosion. Similarly, shielding blocks 1 and 6
are also connected by spigot joint and screwed with
the respective shielding blocks. The basket assembly
consists of a tray called basket is supported on four
pairs of rollers and moving on a pair of rails located on
the basket housing at 180o apart. Cask support structure
FRQVLVWVRI¿[HGWUXQQLRQVXSSRUWDQGPRYLQJWUXQQLRQ
support with manual drive arrangement which is used
to support the cask during transport and during the
process of tilting the cask from horizontal to vertical and
vice versa. Arrangement of SSTC is shown in Figure 1.
During the transport, cask with cask support structure
is rigidly tied down with the trailer. Tilting tackle is used
at PFBR to handle the cask from horizontal to vertical
and vice versa from the support structure with the help
of moving trunnion and 100 t EOT crane as shown in
Figure 2. Lifting yoke is used at DFRP to handle the

Fig. 1 Arrangement of SSTC impact limiter

Fig. 2 Cask handling at PFBR

Design requirements
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,QDGGLWLRQVQDWFKIDFWRURILVDOVRWREHFRQVLGHUHG
for the lifting devices.

FUEL CYCLE
cask horizontally from the support structure as shown
in Figure 3.
Design of SSTC
Adequate shielding is provided around the basket
assembly to limit the radiation levels on contact and at
1m away from the surface. Possible leakage paths in
the SSTC are sealed by a set of O-ring seals to ensure
the containment boundary of SSTC. Provision is made
to check the healthiness of O-rings provided on the
FDVN DW GLႇHUHQW ORFDWLRQV E\ OHDN WHVWLQJ DW SHULRGLF
intervals. In addition, one gas sampling line with quick
coupling arrangement is provided on shielding block-6
with valve arrangement to check the healthiness of
spent subassembly before opening of the cask at the
reprocessing end.
The components of cask, cask support structure and
subassembly transfer mechanism are designed as
per ASME Sec.III Div.1. Sub. Sec.ND Class 3. The
components of cask tilting tackle, cask lifting yoke and
cask trunions are designed as per ANSI 14.6 in which
the components are designed for three times the load
with stresses limited to yield strength. Considering
VQDWFK IDFWRU RI  WKH FDOFXODWHG VWUHVV DUH ZLWKLQ
the allowable yield stress limit. Cask is tied down on to
the cask support structure using rigid C-clamps. Cask
support structure in turn is tied down onto the trailer
using chain slings. Tie down attachments are designed
to meet TS-G-1.1(ST-2) with road acceleration factors
taken as 2g for longitudinal, 1g for lateral and vertical
2g up & vertical 3g down.

Fig. 3 Cask handling at DFRP

on the outside. SSTC is analysed for the following cases
(i) end drop, (ii) side drop and (iii) corner drop with axis
of fall passing through one corner and the centre of
gravity of the cask. Estimated deformation is less than
the foam thickness provided in all the three directions
of fall. Deformation for the side drop is shown Figure 4.
Cask body experiences maximum bending loads during
the side drop. The maximum bending stresses are well
within limits and hence the integrity of the cask body
is ensured during side drop. The fasteners connecting
shielding blocks are checked as per NUREG/CR-6007.
The fasteners do not undergo any plastic deformation
and hence the O-rings continue to provide sealing. The
estimated temperature on the cask outer surface is
50 oC, which is much less than the design limit.

As per AERB SC TR – 1 code, SSTC is designed for
a fall of 0.3 m onto a hard unyielding surface and the
structural/containment integrity is demonstrated by
calculations. Impact limiters are provided on both ends
of the cask to absorb the energy of fall in order to reduce
the deceleration due to fall. Polyurethane foam of density
150 kg/m3 is used as the impact limiter material. The
foam is encased with a 3 mm thick stainless steel layer

A special mechanism is designed to push the subassembly
into the head end facility cell after the cask is coupled
to the cell at DFRP. The pushing mechanism also has
provision to retrieve the basket assembly back into the
cask, if required. Subassembly transfer mechanism
is shown in Figure 5. SSTC is designed to meet the
interface requirements of DFRP.

Fig. 4 Impact limiter analysis for side drop

Fig. 5 Subassembly transfer mechanism at DFRP
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IV.6

Demonstration of Distillation and Heavy Metal
Melting by Nitrogen Cooled Induction Heating

M

olten salt electrorefining followed by vacuum
distillation and melting are the major steps involved
in pyrochemical reprocessing of spent metal fuel. Molten
VDOW HOHFWURUH¿QLQJ ZLOO EH FDUULHG RXW DW & 7KH
dendritic deposits on a solid cathode will be scraped and
GLVWLOOHGDWWRUUDQG&WRUHPRYHWKHRFFOXGHG
salts in a high temperature vacuum retort. Subsequently,
uranium dendrites will be melted and consolidated at
&DQGWRUU7RGHPRQVWUDWHWKHIHDVLELOLW\RI
induction heating and melting at temperatures above
1200°C without using water, a setup was fabricated to
commission and test an induction heating system for
melting copper. Air was used as an alternative for water
as coil coolant. A maximum of 900oC only was attained
GXHWRORZKHDWWUDQVIHUFRHႈFLHQWRIDLU$PL[WXUHRI
liquid and nitrogen gas at sub-zero temperature was
used and the desired temperatures were attained in
the crucible. The induction heated melting system is
shown in Figure 1. It consists of a 40 kW induction power
supply unit, vacuum chamber, copper liner, copper coil,
susceptor and crucible. Copper pellets were loaded
in a graphite crucible as shown in Figure 2. A high
density graphite susceptor encloses the crucible. The
susceptor is insulated with graphite felt and ceramic
¿EUH$FRQWUROWKHUPRFRXSOHFRQQHFWHGWRWKHFUXFLEOH
was used to regulate the induction power supply. The
copper coil for induction heating has a rectangular
cross section. Sub-cooled nitrogen was fed through
one inlet and discharged though two outlet ports. The
vacuum chamber was evacuated to 10 torr by a dry
vacuum pump. Temperatures of the crucible and coil
were measured using alumina insulated R-type and
K-type thermocouples respectively. PID controller was
auto-tuned initially and then programmed for two set
points (1000 and 1200oC) with intermittent dwelling.

Fig. 1 Induction heating system

Tuning of the controller was done in order to optimize
speed of response and stabilization of temperature.
One-shot auto tuning was adopted. Induction heating
experiment was first carried out using auto tuned
parameters with a set point of 1000C. Subsequently,
the set point is varied by using a set point program in
the controller, which is stored as a series of ‘step’ and
µGZHOO¶VHJPHQWV7KHWHPSHUDWXUHSUR¿OHRIWKHFUXFLEOH
ZLWKSURJUDPPHGFRQ¿JXUDWLRQLVVKRZQLQ)LJXUH7KLV
SUR¿OHZDVIRXQGWREHLGHDOIRUYDFXXPGLVWLOODWLRQRI
salts and consolidation as there were no oscillations in
temperature. At the end of 8 hours, the set point program
was terminated. After cooling the system for 24 hours,
the copper ingot was removed as shown in Figure 4. The
3,'FRQWUROOHUZDVFRQ¿JXUHGWXQHGDQGSURJUDPPHG
to achieve temperature control in the crucible during
distillation and melting. Control action to an accuracy
of r&FRXOGEHDFKLHYHG
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Fig. 2 Copper pellets before melting
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Fig. 4 Copper ingot after melting
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IV.7

(ႇHFWRI9HUWLFDO%DႉH+HLJKWRQWKH'\QDPLFV
RI6ORVKLQJLQ+LJK/HYHO/LTXLG:DVWH6WRUDJH
Tank of Fuel Reprocessing Plant

I

n Demonstration Fast Reactor Fuel Reprocessing
Plant (DFRP), the high level radioactive liquid waste
(HLLW) will be stored in horizontal cylindrical tank. The
liquid stored in the tank is prone to external excitations
such as earthquakes. Hence, designing safe structures
against such eventualities is vital to our survival. There
is a possibility of wall buckling and damage to the base
for liquid storage tanks during earthquake. Numerous
container damages have been reported in the sloshing
literature. Therefore, an attempt was made to study the
dynamics of sloshing in a simple rectangular tank using
QXPHULFDOPRGHOV7KHHႇHFWRILQWURGXFLQJEDႉHVZDV
investigated to control the sloshing amplitudes under
resonant harmonic excitation.

7KH ÀRZ ZDV DVVXPHG WR EH XQVWHDG\ YLVFRXV DQG
LQFRPSUHVVLEOH7KH JRYHUQLQJ HTXDWLRQV IRU WKH ÀXLG
velocity in the ith direction (i = 1, 2 and 3 for x, y and z
respectively) and the pressure p are as follows

where Sij denotes the viscous stress written as
LVWKHÀXLGGHQVLW\ Pis the
dynamic viscosity, and fi denotes a body force such as
the seismic, gravity force, etc. Volume of Fluid (VOF)
method was adopted for tracking the free surface.
$FFRUGLQJ WR 92) LI WKH YROXPH IUDFWLRQ RI RQH ÀXLG
in the cell is denoted as D then the transport equation
becomes

where, D represents the volumetric fraction between air
and water, which is equal to 0 for air, 1 for water and in
EHWZHHQDQGDWWKHLQWHUIDFHEHWZHHQWKHWZRÀXLGV
The numerical approach used to solve the governing
equations for continuity and momentum conservation

(a)

(b)

Fig. 1 Typical domain of interest for a 2-D rectangular
tank

with appropriate boundary conditions is a CFD tool
ER[FDOOHG2SHQ)2$0ZKLFKLVD¿QLWHYROXPHPHWKRG
based algorithm.
(ႇHFWRIEDႉHKHLJKW
In the present study, the characteristics of slosh
reaction forces and exerted pressures on tank wall for
WKUHHGLႇHUHQWYHUWLFDOEDႉHKHLJKWVLQUHVSRQVHWRWKH
KDUPRQLF H[FLWDWLRQ ZHUH LQYHVWLJDWHG 7KH HႇHFW RI
KHLJKW RI VORVK VXSSUHVVLRQ GHYLFH LQ D SDUWLDOO\ ¿OOHG
UHFWDQJXODUWDQNZDVVWXGLHGIRUWKUHHGLႇHUHQWFDVHV
LHDWDQNZLWKDYHUWLFDOEDႉHKHLJKWK PHWUH 
2h/3 and h/3. The dimensions of the tank (shown in
Figure 1) considered for analysis were length: 0.57 metre
DQGKHLJKWPHWUH¿OOHGZLWKZDWHUWRDGHSWKRI
0.15 metre. Figures 2a to 2d show the snapshots
RI IUHH VXUIDFH ZLWK QR EDႉH DQG EDႉH DW WLPH
t = 6.8 seconds against resonant wave motion. In the
FDVH RI EDႉH KHLJKW K WKH ÀRZ SDWWHUQV H[KLELWHG
the phenomenon in which a portion of the liquid travels
up on one side of the tank near the wall, and down the
opposite side similar to the case of fundamental mode,
as if the liquid surface was undisturbed or quiescent,
whereas, the free surface interface for the case with
EDႉHKHLJKWHTXDOWRKZDVUDQGRP
The time evolution of free surface height of sloshing
ÀXLGIRUDOOWKHFDVHVPHQWLRQHGDERYHDQGPHDVXUHG

(c)

(d)

Fig. 2 Vorticity contours of sloshing wave front in a HLLW tank with and without baffles: (a) no baffle (b) baffle height (h) (c)
baffle height (2h/3) and (d) baffle height (h/3)
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at x = 0.02 m (point ‘C’) from the left wall is shown in
Figure 3. Comparison of Figure 3 for the free surface
ZDYH HOHYDWLRQ ZLWK GLႇHUHQW EDႉH KHLJKWV UHYHDOHG
WKDW WKH GLVSODFHPHQW ZDV PLQLPXP IRU WKH EDႉH
KHLJKWK7KHUHIRUHWKLVFDVHSURYLGHVDYHU\HႇHFWLYH
damping mechanism of high viscous dissipation and
ends up with reduction in sloshing wave height to
the order of ten in magnitude compared to the case
ZLWKEDႉHKHLJKWK&HUWDLQO\WKHPDJQLWXGHRIIUHH
surface height was altered by the inclusion of vertical
EDႉHRIKHLJKWKKRZHYHUDUHGXFWLRQLQIUHHVXUIDFH
RIDSSUR[LPDWHO\ZDVREVHUYHGZLWKWKHLQFOXVLRQ
RIWKHEDႉHKHLJKWRIK
The power spectra of the sloshing displacement
ÀXFWXDWLRQV IRU WKH WDQN ZLWK DQG ZLWKRXW EDႉHV
analyzed through fast Fourier data, showed the power
spectra of the sloshing displacement amplitudes for
WKHWDQNZLWKRXWDQ\EDႉHDQGZLWKEDႉHIRUKHLJKWV
h/3, 2h/3 and h were in response to the input harmonic
motion. A relatively small peak compared to the tank
ZLWKRXWEDႉHFRXOGEHVHHQDWUHVRQDQFHHYHQIRUWKH
WDQNZLWKEDႉHRIKHLJKWK
Literature data on sloshing with submerged bodies
FRUURERUDWH WKH REVHUYDWLRQ WKDW WKH EDႉH KHLJKW MXVW
EHORZWKHIUHHVXUIDFHLVPRUHHႇHFWLYHLQVXSSUHVVLQJ
sloshing pressures. The dependence of pressure on
time is shown in Figure 4.
$OWKRXJKWKHSUHVVXUHKLVWRULHVIRUWKHWDQNZLWKEDႉH
appears to be reduced in all three cases, the pressure
KLVWRU\IRUWKHWDQNZLWKEDႉHKHLJKWKLOOXVWUDWHGWKH
impact behavior. Though the amplitude of pressure
attained the steady state in the initial transient phase
(about 4 seconds) itself, the behavior was found to
be irregular at the middle of the tank due to the fact
that the contribution of the second mode response
was also predominant. Spectral analysis revealed
that the fundamental frequency component of Zn was

Fig. 4 Temporal variation of pressure on bottom wall for
different baffle heights under resonant harmonic
excitation
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Fig. 3 Temporal variation of free surface displacement
for different baffle heights under resonant
harmonic excitation

represented by a dominant peak, with the successive
peak at twice the frequency of the fundamental
frequency representing the second mode and 2.5 for
the third mode.
The hydrodynamic force pattern (shown in Figure 5),
estimated under resonant sloshing case was behaving
LQDVLPLODUPDQQHUDVWKHSUHVVXUHSDWWHUQIRUGLႇHUHQW
EDႉHKHLJKWV$VLOOXVWUDWHGLQ)LJXUHWKHWRWDOIRUFH
amplitude time histories measured on the left side wall
IRUWKHEDႉHGWDQNZDVDOVRUHGXFHGLQDOOWKHFDVHV
EXWVORVKLQJFRPSRQHQWZDVIRXQGWREHYHU\HႇHFWLYH
IRU WDQN ZLWK ORQJ EDႉH7KH PD[LPXP IRUFH ZDV RQ
the bottom wall, as expected at the vertical mode.
%DVHGRQWKLVVWXG\LWLVFRQ¿UPHGWKDWWKHEDႉHKHLJKW
KDVDGLUHFWHႇHFWRQERWKWKHVORVKLQJGLVSODFHPHQWV
and hydrodynamic pressure results. In fact, when the
EDႉHKHLJKWLQFUHDVHVWKHOLTXLGVORVKLQJEHFRPHVPRUH
suppressed due to the augmentation of the blockage
HႇHFWRIWKHEDႉHZKLFKUHVXOWVLQDGGLWLRQDOYLVFRVLW\
and energy dissipation. Therefore, it is recommended
WR LQWURGXFH WKH EDႉH ZLWK KHLJKW MXVW EHORZ WKH IUHH
surface of liquid.

Fig. 5 Temporal variation of hydrodynamic force on left
wall for different baffle heights under resonant
harmonic excitation
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IV.8

&RPSDULVRQRI:HOG,QGXFHG5HVLGXDO6WUHVV
Distributions between L-Seam
DQG&6HDP%XWW:HOG-RLQWV

I

n the spent fuel reprocessing plants, some of the
important process vessels and equipment such as
annular tanks, cylindrical tanks, vent pots, high level
waste storage tanks etc., need to be fabricated either by
longitudinal seam (L-Seam) or circumferential (C-Seam)
weld joining process. Components whose diameters
are equivalent to the available standard pipe sizes are
fabricated by C-Seam weld joining. On the other hand,
components which do not have diameters equivalent
to standard pipe sizes are fabricated by L-Seam weld
joining of rolled plates. In general, tanks and vessels
which are subjected to high pressure are preferably
IDEULFDWHGE\&6HDPZHOGMRLQWFRQVLGHULQJWKHHႇHFW
of high hoop stress compared to longitudinal stress. Most
of the reprocessing plant equipment are not subjected
to high pressure and high temperature. Hence, these
equipment can be fabricated either by L-Seam or
C-Seam weld joining process. Also, it is of great interest
to use L-Seam welds when fabricating large diameter
components in order to reduce production cost. The cost
UHGXFWLRQFDQEHDVKLJKDV
Weld characteristics, weld pool (fusion zone (FZ) and
HAZ) shapes and sizes and weld induced residual
stresses for L-Seam and C-Seam weld joints were
investigated in this study. The results facilitated to
improve the fatigue life, reduction in stress corrosion
cracking and fracture. In this investigation, similar
groove geometry, boundary conditions, weld
sequencing (progressive welding), wall thickness and
relatively constant heat input were used to compare
weld characteristics between L-Seam and C-Seam butt
weld joints of cylindrical components using numerical
simulation and experimental validation.

(a)

For the welding experiments of both L-Seam and
C-Seam 200 NB-SCH 5, 55 A current and 10 V voltage
and weld speed of 1 mm/s were considered to obtain
proper bead shape which was further validated in heat
VRXUFH FDOLEUDWLRQ DQG ¿WWLQJ DQDO\VLV7KHVH SURFHVV
SDUDPHWHUVZLWKDQDUFHႈFLHQF\ Ș  gave the heat
input per unit length of weld as 385 J/mm, which is equal
to the heat input that was used in FE simulation for
200 NB-SCH 5 case.
To accurately measure the residual stresses, full 3-D
FE models were developed for both L-Seam and
C-Seam welds of cylindrical components and are
shown in Figure 1. In the process of FE meshing,
three types of elements used were one-dimensional
linear elements, 2-D and 3-D quadrilateral elements.
One-dimensional linear elements were used to represent
the weld trajectory and reference lines. 2-D quadrilateral
elements were used to mesh the surfaces which are
subjected to heat loss during welding process. 3-D
quadrilateral elements were used to mesh the weld
bead and the parent metal. During L-Seam and C-Seam
weld experiments, parent material is not clamped. To
match the experimental boundary conditions, minimum
FODPSLQJZDVDSSOLHGDVWKHDUWL¿FLDOERXQGDU\FRQGLWLRQ
in order to prevent rigid body motion in the numerical
simulation. The detailed boundary conditions used in
the FE model are also shown in Figure 1.
7R DVFHUWDLQ WKH LQÀXHQFH RI /Seam and C-Seam
butt weld joints of cylindrical components on residual
stresses, four different numerical simulation cases
ZHUHVWXGLHGDQGWKHVLJQL¿FDQWUHVXOWVDUHGHVFULEHG
These four cases are L-Seam-8 inch dia. ( 200 NB-SCH
5 (L-8)), C-Seam-8 inch dia. (200 NB-SCH 5 (C-8)),

(b)

Fig. 1 FE 2-D and 3-D mesh with boundary conditions (a) L-Seam and (b) C-Seam
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(a)

(b)

Fig. 2 Validation of experimental macrograph and the FE weld molten pool sizes for (a) L-Seam and (b) C-Seam

L-Seam-6 inch dia. (150 NB-SCH 5 (L-6)) and C-Seam-6
inch diameter (150 NB-SCH 5 (C-6)). The weld speed
considered was 1 mm/s and the simulation was run for
a time period of 10,000 seconds.
Figures 2a and 2b show an overview of the comparison
between macrograph and the FE simulation weld pool
dimensions. Experimental macrograph cross section
and the predicted FE simulation weld molten pool for
L-8 and C-8 cases are compared in Figures 2a and 2b
respectively. It could be observed that the results are in
good agreement with each other. The results obtained
after iterative adjustment of heat sources were then
saved to a function database for further use in the
mechanical analysis.
Figures 3a and b present the hoop and axial stress
distribution respectively on the inner surface, at 180o
cross-section for C-Seam welds and at 100 mm
cross-section for L-Seam welds as shown in Figure 1.
,QÀXHQFHRI/6HDPDQG&6HDPZHOGMRLQWVRQ
stress distribution
Figure 3a indicates that the hoop stress values increase
for L-Seam weld joint irrespective of the locations along

(a)

the distance from weld centre (WC) line. The increase in
KRRSVWUHVVHVDWWKH:&ZDVIRXQGWREHYHU\VLJQL¿FDQW
with the increase in tensile stresses up to 225 MPa on the
inner surface. Similar increasing trend in compressive
stresses was also noticed away from the WC line for the
L-Seam weld joint. Further, Figure 3b showed that for the
C-Seam weld joint, axial stresses increase on the inner
VXUIDFHDQGWKLVLQFUHDVHZDVIRXQGWREHOHVVVLJQL¿FDQW
when compared to hoop stress increase for the L-Seam
weld joint. On the inner surface at the weld location, the
magnitude of increase in tensile residual stresses was
approximately 60 MPa. The peak hoop stresses were
observed for L-Seam weld joint on the inner surface.
Similarly, peak axial stresses were observed for C-Seam
weld joint. It is a well known fact that when a vessel is
subjected to internal pressure, the induced hoop stress
is twice in magnitude when compared to axial stress.
Based on the above observations, it can be concluded
that the L-Seam weld joints are not advisable for use
while fabricating cylindrical components such as annular
tanks, vent pots, waste transfer containers and pressure
vessels in order to improve the service life of cylindrical
components.

(b)

Fig. 3 Residual stress distribution (a) hoop stress and (b) axial stress
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IV.9

Extraction and Stripping of Cesium and Strontium
IURP6LPXODWHG+LJKO\$FWLYH:DVWH
by CCD/PEG-400/FS-13 Solvent

I

n the aqueous reprocessing route, the fuel discharged
from FBR is dissolved in nitric acid and the resulting
aqueous solution of nitrates of uranium, plutonium
DQGPRVWRIWKH¿VVLRQSURGXFWVLVWUHDWHGE\VROYHQW
H[WUDFWLRQPHWKRGZLWK7%3WRVHOHFWLYHO\H[WUDFW8
and Pu. The highly active aqueous waste (HAW) solution
OHIWRXWDIWHUH[WUDFWLRQFRQWDLQVWKH¿VVLRQSURGXFWVDQG
LVHQFDSVXODWHGLQJODVV NQRZQDVYLWUL¿FDWLRQ DQGWKH
YLWUL¿HGSURGXFWKDVWREHVWRUHGIRUVHYHUDOWKRXVDQG
years to allow for the decay of activity. Heat emitters like
Cs-137 and Sr-90 generate a large decay heat which
PD\EHGHWULPHQWDOWRWKHLQWHJULW\RIYLWUL¿HGZDVWH,I
these heat emitting nuclides are isolated from HAW
SULRUWRYLWUL¿FDWLRQWKURXJKFKHPLFDOSURFHVVLQJFRROLQJ
UHTXLUHPHQWIRUYLWUL¿HGSURGXFWLVGUDVWLFDOO\UHGXFHG
UHVXOWLQJLQVLJQL¿FDQWUHGXFWLRQRIRSHUDWLQJFRVWVIRU
managing these wastes.

'LႇHUHQWPHWKRGVOLNHSUHFLSLWDWLRQLRQH[FKDQJHDQG
solvent extraction have been reported in the literature
for the separation of Cs and Sr. As Cs and Sr are not
extracted appreciably by TBP, speciality solvents are
UHTXLUHG IRU WKHLU H[WUDFWLRQ DQG HႇHFWLYH VHSDUDWLRQ
from the other actinides and lanthanides present in
the HAW. Extraction of Cs from wastes was reported
using crown-ether derivatives as well as chlorinated
cobalt di-carbollide (CCD). As CCD is a highly polar
compound, it requires a polar diluent like nitrobenzene.
Nitrobenzene was later replaced with a safer and
LQHUWGLOXHQWSKHQ\OWULÀXRURPHWK\OVXOSKRQH NQRZQDV
FS-13). To co-extract Sr during Cs extraction,
polyethylene glycol with molecular mass as 400
(PEG-400) is also added to the solvent. Combined
process is known as CCD-PEG process for Cs/Sr
recovery.

an indirect measure of CCD concentration in the organic
solvent. This HCCD bearing organic solvent was used
in the solvent extraction run in the micro mixer-settler.
The micro-mixer-settler comprised of a coiled micro-bore
stainless steel tubing coupled with a miniature settler
(volume ~1.2 mL) as shown in Figures 1a and 1b. The
interface in the settler was controlled by a movable
miniature jack-leg device. In these experiments, the
organic solution is heavy phase and aqueous solution is
OLJKWSKDVHZKLFKLVFRQWUDU\WRWKHFRQYHQWLRQDO385(;
process. The product streams were clear without any
haze or entrainment.
After extraction run, the organic product was stripped
with dilute guanidine carbonate solution. The aqueous
streams were analysed with a continuum source atomic
absorption spectrometer. In a single-stage extraction
RSHUDWLRQDERXW&VDQG6UZHUHH[WUDFWHGE\
CCD-PEG solvent. During the back-extraction (stripping)
RSHUDWLRQLQDVLQJOHVWDJHDERXW&VDQGPRUHWKDQ
6ULQWKHORDGHGVROYHQWZHUHVWULSSHGE\JXDQLGLQH
carbonate-DTPA strip solutions.
The results for the recovery of Cs and Sr indicated highly
HႈFLHQWH[WUDFWLRQDQGVWULSSLQJRSHUDWLRQVLQDVLQJOH
stage micro mixer-settler, validating the conceptual
GHVLJQRIWKHH[SHULPHQWDQGXVHGÀRZVKHHWFRQGLWLRQV
Based on these encouraging results, a counter current
demonstration in a multi-stage miniature centrifugal
extractor bank with SHAW and CCD-PEG solvent is
being planned.

To demonstrate the viability of Cs/Sr recovery by
CCD-PEG process from HAW, experimental runs were
taken in an in-house developed novel micro-mixer-settler
with simulated HAW (SHAW). Composition of SHAW
XVHG LQ WKLV VWXG\ ZDV EDVHG RQ WKH ¿VVLRQ SURGXFW
inventory of FBTR Mark-I fuel with 150 GWd/t burnup
with one year cooling.
Cesium salt of CCD was dissolved in FS-13 and the
clear solution was equilibrated with perchloric acid to
convert Cs-CCD to HCCD. The HCCD (organic phase)
was decanted and analysed for the acidity which was

(a)

(b)

Fig. 1 A view of (a) miniature settler (1.2 mL) and (b) micro
mixer-settler during CCD-PEG run
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IV.10 Kinetics of Extraction of Nitric Acid
LQWR%LQDU\0L[WXUHRI7ULQEXW\O3KRVSKDWH
DQG1RUPDO3DUDႈQ+\GURFDUERQ

K

inetics of solvent extraction is of paramount
importance to all industrial applications and is
largely determined by the interfacial chemistry. The
commercial extraction equipment in operation such as
mixer-settler, pulsed column and annular centrifugal
extractor are designed based on the number of
HTXLOLEULXPVWDJHVUHTXLUHGWRHႇHFWDJLYHQVHSDUDWLRQ
Design based on equilibrium isotherms automatically
QHJOHFWVNLQHWLFHႇHFWV+HQFHIRUWKHUDWLRQDOGHVLJQ
and operation of extraction equipment, one should know
the mass transfer characteristics, intrinsic kinetics and
the extent of axial mixing. The chemical reaction kinetics
determines the size and types of extractors to be used.
The objective of the present work was to identify the
reaction location and extraction regime as well as to
estimate the overall rate of extraction, intrinsic rate
FRQVWDQWDQGPDVVWUDQVIHUFRHႈFLHQW
Among the variety of contacting techniques, Lewis
type stirred cell of constant interfacial area is a
convenient apparatus for studying the rate of mass
transfer and measuring the individual phase mass
WUDQVIHU FRHႈFLHQWV EHFDXVH LW DOORZV ERWK FRQVWDQW
area between two phases and a variance of the rate
RI VWLUULQJ LQ D VXႈFLHQWO\ EURDG UDQJH 7KH FRQVWDQW
interfacial area stirred cell (Lewis cell) used for kinetic
studies (Figure 1) was a glass vessel with a jacket for
maintaining constant temperature. The stirred cell was
SURYLGHG ZLWK WZR IRXUÀDW EODGH LPSHOOHU RI  PP
GLDPHWHUDQGPPEODGHOHQJWK9HUWLFDOEDႉHVZHUH
used to avoid vortex formation. The experiments were
performed by mixing both aqueous phase (nitric acid)
and organic phase (TBP diluted with NPH) using double
impeller placed half dipped in each phase. Experiments
ZHUH FRQGXFWHG E\ YDU\LQJ GLႇHUHQW SDUDPHWHUV OLNH

Fig. 2 Concentration profile describing interfacial reaction
occurring at diffusion/mixed controlled regime
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Fig. 1 Lewis cell

aqueous phase concentration of HNO3 (1-4 M), organic
phase concentration (0.3652-1.466 kmol.m-3), impeller
speed (110 to 150 rpm), the ratio of aqueous to organic
SKDVH  DQGWHPSHUDWXUH & 
Complexation of nitric acid by TBP can be described on
the basis of the reaction equilibria:
H   NO 3  TBP  TBP  HNO 3

(1)

,GHQWL¿FDWLRQRIWKHUHDFWLRQORFDWLRQ
The relationship between the extraction rate and the
interfacial area is an important criterion to decide
whether the chemical reactions that control the rate of
extraction occur in the bulk phase or at the interface
(Figure 2). The low aqueous phase solubility (10-3 M)
and surface activity of TBP supported the possibility of
the occurrence of reaction between nitric acid and TBP
at the interface. From the experimental results shown
in Figure 3, initial rate of nitric acid extraction was found
WREHGLUHFWO\GHSHQGHQWRQWKHVSHFL¿FLQWHUIDFLDODUHD
which is the characteristic of an interfacial reaction.
,GHQWL¿FDWLRQRIWKHUHDFWLRQUHJLPH
For establishing the intrinsic kinetics of the extraction

Fig. 3 Effect of interfacial area on initial extraction rate of
nitric acid
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Fig. 4 Experimental and calculated concentration profiles
of nitric acid

1.16
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(5)

of nitric acid, the theory of mass transfer with chemical
reaction has been used. There are primarily two regimes
RI H[WUDFWLRQ ± WKH NLQHWLF UHJLPH DQG WKH GLႇXVLRQ
regime. In a kinetic regime system, the kinetics of
solvent extraction can be described in terms of chemical
reactions occurring in the bulk phases or at the interface.
The extraction rate expression for the kinetic regime is
given by Equation 2.
In diffusion controlled extraction process, kinetic
parameters are unimportant and the extraction rate
directly depends on interfacial area and turbulence.The
H[WUDFWLRQ UDWH H[SUHVVLRQ IRU WKH GLႇXVLRQ FRQWUROOHG
regime is given by Equation 3.
When both chemical reactions and film diffusion
processes occur at rates that are comparable, the
solvent extraction kinetics is said to take place in a mixed
GLႇXVLRQNLQHWLF UHJLPH 7KLV LV WKH PRVW FRPSOLFDWHG
case, since the rate of extraction must be described
LQ WHUPV RI ERWK GLႇXVLRQDO SURFHVVHV DQG FKHPLFDO
reactions and a complete mathematical description
can be obtained only by simultaneously solving the
GLႇHUHQWLDOHTXDWLRQVRIGLႇXVLRQDQGWKRVHRIFKHPLFDO
kinetics.

Fig. 5 Effect of impeller speed on initial extraction rate of
nitric acid

7KHH[WUDFWLRQUDWHH[SUHVVLRQIRUWKHPL[HGGLႇXVLRQ
kinetic regime is given by Equation 4. The experimental
GDWDRQQLWULFDFLGFRQFHQWUDWLRQYHUVXVWLPHZHUH¿WWHG
into model equations of the three regimes using a
nonlinear regression technique to obtain mass transfer
FRHႈFLHQW DQG UDWH FRQVWDQW )LJXUH   VKRZV WKH
comparison between experimental and calculated
values of aqueous phase nitric acid concentration. The
impeller speed dependency on the rate was checked to
HVWLPDWHWKHFRQWULEXWLRQRIGLႇXVLRQPDVVWUDQVIHUWRWKH
overall rate of extraction (Figure 5). A further criterion
WKDWHQDEOHVDGLVWLQFWLRQEHWZHHQDGLႇXVLRQFRQWUROOHG
and a kinetic regime is the experimental determination
RIWKHDFWLYDWLRQHQHUJ\IURPWKHWHPSHUDWXUHHႇHFWRI
the extraction process. From the slope of Figure 6, the
activation energy for the intrinsic rate constant value
was calculated to be 26.04 kJ/mol which assured the
fact that the overall extraction rate is controlled by both
the intrinsic kinetics and mass transfer of the species
involved. Based on the results of the present study, a
correlation was also developed for the estimation of
LQGLYLGXDOPDVVWUDQVIHUFRHႈFLHQWV (TXDWLRQ 
The extraction of nitric acid by TBP was found to
be an interfacial reaction and overall extraction rate
was controlled by both the intrinsic kinetics and the
mass transfer of the species involved, for which a
comprehensive model has been developed.

Fig. 6 Arrhenius plot for the calculation of activation energy
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IV.11 Vapor Liquid Equilibrium of Nitric Acid –
:DWHU6\VWHPDW'LႇHUHQW3UHVVXUHV'DWD$QDO\VLV

F

or the recovery and reuse of uranium and plutonium,
the spent nuclear fuel is reprocessed. Though
385(; SURFHVV HPSOR\HG LQ PRVW RI WKH H[LVWLQJ
UHSURFHVVLQJSODQWVLVDQHႈFLHQWWHFKQLTXHLWJHQHUDWHV
large amounts of strong and dilute nitric acid waste
solutions. Recovery and reuse of nitric acid from these
ZDVWH VROXWLRQV LV EHQH¿FLDO DV LW UHGXFHV WKH ZDVWH
volume as well as the nitric acid inventory requirement.
Since distillation process, commonly employed in
HNO3 concentration plants does not result in additional
waste generation, this process appears to be the most
practical solution for the recovery of nitric acid from
waste solutions.
For the purpose of designing a nitric acid recovery unit
based on distillation, the vapor liquid equilibrium (VLE)
GDWDRIQLWULFDFLGZDWHUV\VWHPDWGLႇHUHQWSUHVVXUHV
UHSRUWHG LQ OLWHUDWXUH ZHUH DQDO\]HG XVLQJ GLႇHUHQW
thermodynamic models. 7KRXJKPDQ\DFWLYLW\FRHႈFLHQW
models are reported in literature for correlating
experimental VLE data, due to proven applicability
of Wilson and NRTL equations for representing VLE
of various systems, they were considered here. The
experimental VLE data were correlated to these two
models by minimizing the following objective function:

Pressure
(Torr)
a

RMSD

(WILSON)
a

RMSD

(NRTL)

50

100

200

400

760

0.0260

0.0132

0.0162

0.0050

0.0107

0.0300

0.0118

0.0200

0.0054

0.0117

a,

where Nexp represents number of data points

it was allowed to vary outside this range during the
regression. Using the regressed parameters, the bubble
point temperature and vapor phase compositions were
estimated and their comparison with the experimental
data is shown in Figures 1 and 2. Applicability testing of
these models for representing VLE of nitric acid-water
system was carried out by analyzing the mean deviation
in predicting the bubble points.

The model parameters were regressed from the
H[SHULPHQWDOGDWD)RUWKHQRQUDQGRPQHVVIDFWRU Įij),
though a range of 0.2 to 0.47 depending on the chemical
nature of constituents is generally recommended, here

Applicability testing of Wilson and NRTL models was
carried out based on root mean square deviation
(RMSD) and it was found that Wilson equation had
lower deviation in comparison to NRTL equation for all
SUHVVXUHVH[FHSWWRUU 7DEOH $VWKHGLႇHUHQFH
between the RMSD values was marginal, both the
models seem to be equally good for representing the
VLE of nitric acid-water system. Though Wilson and
NRTL models are generally used only for correlating VLE
of non electrolyte systems, the above results show both
are applicable for electrolyte solutions as well. Based
on these observations and also due to simplicity of
Wilson equation, it has the potential to be used as VLE
generator in nitric acid distillation simulation programs
WR VLJQL¿FDQWO\ UHGXFH WKH FRPSXWDWLRQ WLPH ZLWKRXW
DႇHFWLQJWKHDFFXUDF\

Fig. 1 VLE represented by Wilson equation

Fig. 2 VLE data represented by NRTL equation

For calculating the vapor pressures of pure nitric acid
and water, Antoine’s equation was used.
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Table 1: RMSD values corresponding to each model
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IV.12 &KDUDFWHUL]DWLRQRI'HJUDGHG3URGXFWV
formed during Gamma Radiolysis of PUREX Solvent

A

A 1.1 M solution of TBP in n-DD after equilibration
with 4 M nitric acid was exposed to gamma irradiation
in ambient air up to 100 MRad absorbed dose. The
degraded solvent was washed with 1:1 (v/v) alkali to
remove the acidic degradation products of TBP. The
washed solvent was fractionally distilled at 2 mbar
SUHVVXUH DQG IRXU GLႇHUHQW IUDFWLRQV ZHUH FROOHFWHG
The FT-IR spectra of the irradiated solvent after
distillation (residual) and the collected fractions (1-3)
are compared in Figure 1.
The irradiated solution (before wash) had characteristic
bands of TBP and dodecane along with peaks
corresponding to nitro alkane (1553 cm-1) and alkyl
nitrate (1737 cm-1). The distilled fractions had absorption
peaks around 2926, 2856, 1467, 1386 and 730 cm-1,
corresponding to the hydrocarbon, dodecane. A less
intense peak around 1027 cm-1 in the distilled samples
was due to TBP, indicating that some portion of TBP
also got distilled along with the diluent. The residual
solution (fraction 4) was rich in TBP based compound
(broad intense peak around 1028 cm-1), along with the
diluent degradation products.
To identify the species responsible for metal retention,
the physiochemical properties (density, viscosity and
phase disengagement time (PDT)) and Zr retention

Fraction 1
Fraction 2

4000

3500

3000

2500

2000

1500

732.7

901.2

Final residue

1628.2
1467.4
1386.7
1275.8
1027.9

Fraction 3

2926.9
2855.6

Transmittance

 YY  VROXWLRQ RI WULn-butyl phosphate (TBP)
in n-dodecane (DD) is adopted as the solvent for
the selective extraction of U and Pu from the spent
nuclear fuel solution consisting of highly radioactive
¿VVLRQ SURGXFWV DQG DFWLYDWLRQ SURGXFWV LQ DERXW
3–4 M nitric acid. During extraction, the solvent comes
in contact with acid and intense radiation. Owing
to high dose of radiation, the solvent (extractant +
diluent) undergoes chemical, thermal and radiolytic
degradation resulting in a number of degradation
products with varying physiochemical properties that
GLVUXSWVWKHSURFHVVHႈFLHQF\7KHPDMRUGHJUDGDWLRQ
products of the extractant (TBP) are alkyl phosphoric
acids and are removed by alkali wash before recycling.
On the contrary, the diluent degradation products get
accumulated during solvent recycling. Though vast
OLWHUDWXUH GDWD DUH DYDLODEOH RQ WKH LGHQWL¿FDWLRQ DQG
TXDQWL¿FDWLRQ RI WKH GHJUDGDWLRQ SURGXFWV RI 7%3
either in single phase or biphasic system, data on
the characterization of diluent degraded products are
VFDQW\ DQG K\SRWKHWLFDO +HQFH HႇRUWV ZHUH PDGH
to characterize the degradation products of TBP-DD
using advanced analytical techniques such as FT-IR,
GC-MS and MALDI.

1000

Wave number(cm-1)

Fig. 1 IR spectra of collected fractions

behavior of the various fractions collected were
measured and the values (listed in Table 1) were
compared with those of the diluent. The density of
WKH¿UVWIUDFWLRQFROOHFWHGZDVJFFDQGWKDWRI
the residual solution was 0.929 g/cc. The respective
viscosity values were 1.408 and 3.575 mPa.s.
=LUFRQLXP UHWHQWLRQ YDOXHV IRU WKH ¿UVW WKUHH GLVWLOOHG
fractions varied from 3 to 8 ppm (Zr stock: 2300 ppm)
DQGIRUWKH¿QDOUHVLGXHLWZDVSSP7KLVLQGLFDWHV
that the most harmful degraded products were present
in the residue. Hence, the residue was characterized
by GC-MS and MALDI techniques.
7KH )7,5 VSHFWUD RI WKH ¿QDO UHVLGXH UHYHDOHG DOO
the characteristic frequencies of TBP and DD with
additional features due to OH group and a peak at
1628 cm-1 (probably due to nitrate group). GC-MS
spectrum revealed the presence of n-dodecane,
4-dodecanol and TBP. MALDI analysis indicated that
the species could be phosphoric acid, TBP dimer
and hydrocarbon derivatives. In distilled fractions,
signatures of dodecanol and oxalic acid were found
in addition to dodecane and TBP (GC-MS) whereas
MALDI analysis indicated the formation of fragmented
ions of TBP and DD.
This study revealed that alkali wash of the degraded
solvent is not an ideal option for recycling, as most
RI WKH LGHQWL¿HG GHJUDGHG SURGXFWV DUH K\GURSKRELF
+RZHYHU  RI WKH GHJUDGHG VROYHQW FRXOG EH
recovered by distillation for recycling.
Table 1: Physiochemical properties
of vacuum distilled fractions
Sample

Density
(g/cc)

Viscosity
(mPa.s)

PDT
(s)

Zr ret.
(ppm)

Fraction 1

0.751

1.408

68

4

Fraction 2

0.754

1.425

69

3

Fraction 3

0.756

1.450

ND

8

Residual

0.929

3.575

600

1740
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IV.13 Advanced Alkylacetamides
for Minor Actinide Partitioning

P

artitioning of the trivalent actinides (Am(III) and
Cm(III)) from high level liquid waste (HLLW)
and their transmutation into short-lived or innocuous
products is an attractive and viable option for the
safe management of HLLW. The current approach for
separation of trivalents from HLLW is a liquid-liquid
extraction procedure that employs a hydrophobic
organic phase containing an extractant dissolved
in a diluent, n-dodecane (n-DD). Even though the
process flow-sheets based on the reagents such
as octyl(phenyl)-N,N-diisobutyl-carbamoylmethyl
SKRVSKLQH R[LGH 2Ɏ&032  11¶'L0HWK\O1
N’-DiOctyl-2-HexylEthoxyMalonAmide (DMDOHEMA),
octyl derivatives of diglycolamides (DGAs) have been
developed and demonstrated, it is important to note
WKDWDOOWKHVHUHDJHQWVDUHVXႇHULQJIURPVRPHPDMRU
drawbacks such as third phase formation and extraction
of unwanted metal ions

Alkyl derivatives of diglycolamides (R-DGA) are
regarded as promising candidates for the separation
of trivalent metal ions from HLLW. The structure of
R-DGA is shown in Figure 1. Due to the presence these
two amidic sites, the polarity of the diglycolamide are
VLJQL¿FDQWO\KLJKDQGSHUKDSVWKLVIDFWRULVUHVSRQVLEOH
for the poor compatibility of the metal-solvate in a
non-polar n-dodecane. One way of minimizing the
polarity of the extractant is to increase the hydrophobicity
of the diglycolamide by attaching long chain alkyl groups
such as dodecyl (C12) or decyl groups (C10) to the
amidic nitrogen atom of diglycolamide. Previously,
we have shown that the third phase formation and
extraction of unwanted metal ions can be minimized to
DVLJQL¿FDQWH[WHQWE\VLPSO\LQFUHDVLQJWKHFKDLQOHQJWK
of alkyl group. In this context, several unsymmetrical
diglycolamdies (UDGAs, see Figure 1) have been
developed and evaluated for the extraction of trivalent
metal ions from nitric acid medium.

However, the problem of third phase formation was
XVXDOO\PDQHXYHUHGE\DGGLQJSKDVHPRGL¿HUVWRWKH
RUJDQLFSKDVHLQVLJQL¿FDQWFRQFHQWUDWLRQVHYHQWKRXJK
WKHRUJDQLFSKDVHZLWKRXWDQ\PRGL¿HUZDVSUHIHUUHG
7KH SKDVH PRGL¿HUV DUH XVXDOO\ DQRWKHU H[WUDFWDQW
such as N,N-dihexyl octanamide (DHOA), tri-n-butyl
phosphate (TBP) or long chain alcohol etc. Addition of
VXFKSKDVHPRGL¿HUVWRRUJDQLFSKDVHXVXDOO\LQFUHDVHV
the extraction of unwanted metal ion present in HLLW
and decreases the selectivity of trivalent actinide. The
FKHPLFDO DQG UDGLRO\WLF GHJUDGDWLRQ RI PRGL¿HU DOVR
complicates the recovery of extracted actinides and
burdens the management of spent organic waste.
Therefore, it is desirable to develop extractants that
RSHUDWH ZLWKRXW WKH QHHG RI DQ\ SKDVH PRGL¿HU IRU
trivalent actinide separation from HLLW.

On the other hand, the third phase formation can also
be avoided by redesigning the structure of extractant
with a single amidic functionality and retaining
the etheric oxygen at the required position in the
structure. Through our studies we realized that the
etheric oxygen should be at the 2-position from the
amidic functionality for extraordinary extraction. The
VWUXFWXUHRIH[WUDFWDQWZLWKVXFKPRGL¿FDWLRQLVVKRZQ
in Figure 1, and they are the alkyl derivatives of N,
N-dialkyl-2-hydroxyacetamide (DAHyA). The R attached
to etheric oxygen can be hydrogen or alkyl group,
and R’ attached to amidic nitrogen can be another
alkyl group. In this context, the alkyl derivatives of
N,N,-dialkyl-2-hydroxyacetamide (DAHyA), namely,
N,N,-dihexyl-2-hydroxyacetamide (DHHyA), N,
O
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H 13 C 6
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C 8 H 17
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O
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O
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Fig. 1 Structures of extractants used in minor actinide partitioning
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Fig. 2 Variation in the distribution ratio of Am(III)
in DAHyA/n-DD as a function of nitric acid
concentration at 298 K

Fig. 3 Variation in the distribution ratio of various
extractants as a function of nitric acid concentration
at 298 K

N,-dioctyl-2-hydroxyacetamide (DOHyA), N,N,-didecyl2-hydroxyacetamide (DDHyA), were synthesized and
characterized by FT-IR, and NMR spectroscopy.

DOHyA/n-DD with other promissing regents such
DV FDUEDPR\OPHWK\OSKRVSKLQH R[LGH 2Ɏ&032 
DQG GLJO\FRODPLGH  8VXDOO\ D 758(; IRUPXODWLRQ
FRPSRVHG RI D VROXWLRQ RI  0 2Ɏ&032
+ 1.2 M tri-n-butyl phosphate (TBP) in n-dodecane
and a diglycolamide solution composed of 0.1 M
N,N,N’N’-tetraoctyldiglycolamide (TODGA) + 0.5 M
dihexyloctanamide (DHOA) in n-dodecane were
proposed for trivalent actinide partitioning.

Figure 2 shows the variation in the distribution ratio
of Am(III) as a function of nitric acid concentration in
0.1 M DAHyA/n-dodecane. A distribution ratio of 10-4
(negligible extraction) is obtained for the extraction
of Am(III) in 0.1 M DAHyA/n-dodecane at nitric acid
concentrations ranging from 0.01 to 1 M. The distribution
ratio of Am(III) decreases in the order DHHyA > DOHyA
> DDHyA. Figure 2 also shows the results on the
extraction of Am(III) from nitric acid medium in 0.2 M
DOHyA/n-DD. A distribution ratio of ~10-3 was obtained
in a nitric acid concentration ranging from 0.01 M to
0.1 M. At 1 M nitric acid a distribution value of 0.01 was
achieved. However, at 3-4 M nitric acid concentration the
distribution ratio of Am(III) varies from 10 to 70, which
VHHPVWREHDGHTXDWHIRUHႈFLHQWH[WUDFWLRQRIWULYDOHQW
metal ions from HLLW in few contacts. Above 4 M nitric
acid a distribution value more than 200 was achieved.
$ERXW¿YHPROHFXOHVRIWKH'2+\$ZHUHFRRUGLQDWHG
to Nd(III) when Nd(III) was loaded from 3-4 M nitric acid
medium and it was in good agreement with the slope
analysis of the Am(III) extraction in DAHyA/n-dodecane.
Studies on loading of Nd(III) in to DAHyA/n-dodecane
indicate that the third phase was not observed in octyl
and decyl derivatives even at the initial concentration of
Nd(III) exceeded the value of ~500 mM in 4 M nitric acid,
which was far above the concentration of trivalent metal
ions (5 mM to 50 mM) present in HLLW. Therefore, the
solvents DOHyA and DDHyA did not require any phase
PRGL¿HU
To bring out the merits of using DAHyA for trivalent
actinide separation, it is necessary to compare the
extraction behavior of Am(III) achieved in 0.2 M

Figure 3 compares the distribution ratio of Am(II)
REWDLQHGLQ0'2+\$Q''ZLWK02Ɏ&032
+ 1.2 M TBP/n-DD and 0.1 M TODGA + 0.5 M DHOA/n-DD.
,QWKH¿UVWSODFHWKHDGYDQWDJHRIXVLQJWKHVROYHQW
0.2 M DOHyA/n-DD, is that it does not require any
phase modifier. Therefore, the complications due
WR WKH SUHVHQFH RI SKDVH PRGL¿HUV GXULQJ WULYDOHQW
actinide partitioning and spent solvent management
does not arise in DAHyA system. At 3-4 M nitric
acid concentration prevailing in HLLW, the DAm(III)
LQFUHDVHVLQWKHRUGHU2Ɏ&032'2+\$72'*$
However, the DAm(III) of 10 to 70 achieved in 0.2 M
DOHyA/n-DD at 3-4 M nitric acid seems to be adequate
and indeed desirable for quantitative extraction of
Am(III) from HLLW in few contacts. After extraction,
the recovery of Am(III) is usually carried out by using
dilute nitric acid (~0.01 M). However, the use of such low
concentration of nitric acid in a mixer-settler during back
extraction resulted in hydrolysis of the metal ions (crud
formation) present in the extracted phase. In contrast
to this, the distribution ratio of Am(III) achieved in
0'$+\$Q''DW0QLWULFDFLGZDVRQO\-3
and therefore the study showed that it was quite possible
to recover the extracted metal ions even at 1 M nitric
acid in DOHyA system. In view of these, the DAHyA
derivatives are promising candidate for the separation
of trivalent actinides from HLLW.
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IV.14 'HYHORSPHQWRI1RYHO6ROLG3KDVH$GVRUEHQWV
for7ULYDOHQW$FWLQLGH6HSDUDWLRQIURP+//:

T

he long term radiation hazard of spent nuclear
waste is mainly associated with the alpha emitting
radionuclides such as 241Am and 243Cm. These metal
ions are generally known as minor actinides (MA).
Partitioning of these MA from HLLW and transmutation
in to short-lived or innocuous products is an attractive
and viable option for the safe management of HLLW. The
current strategy of partitioning involves the separation of
trivalent actinides from HLLW together with lanthanides
in the first step, followed by mutual separation of
lanthanides from actinides or vice-versa in the second
step. The mutual separation is necessary prior to
transmutation, since lanthanides act as neutron poisons
WKDWUHGXFHWKHHႈFDF\RIWUDQVPXWDWLRQRIDFWLQLGHV
Methods based on liquid-liquid extraction have been
extensively investigated for both group separation of
trivalent metal ions (actinides and lanthanides together)
and their mutual separation. In contrast to this, the
separation studies using solid phase extraction are not
available in literature. However, solid phase extraction
is very promising due to its simplicity, robustness,
regenerating ability, engineered into plant scale levels
from bench scale data and technologically demonstrated.
In view of this, we have developed a couple of anchored
resins namely (a) 2-oxy-N,N-dioctyl acetamide anchored
chloromethylated resin (R-DOA) for the group separation
of lanthanides and actinides from 3-4 M nitric acid and (b)
glycolamic acid anchored polyamine resin (PA-DGAH)
for the mutual separation of lanthanides and actinides.
For the studies we have used Eu(III) as representative
for lanthanides and Am(III) for actinides.
6\QWKHVLVRI5'2$UHVLQ

Synthesis of R-DOA involved a three step process.
Initially, N,N-dioctyl-2-hydroxy acetamide was prepared
by the two-step procedure. A solution of N,N-dioctylamine

and triethylamine was reacted with chloroacetylchloride
in THF at 5°C, under argon atmosphere. The
SURGXFW REWDLQHG ZDV WKHQ UHÀX[HG ZLWK SRWDVVLXP
hydroxide solution for 2 hours to obtain N,N-di-octyl-2hydroxyacetamide. Finally the hydroxyacetamide was
reacted with chloromethylated resin at 80°C to obtain
the hydroxyacetamide anchored resin (R-DOA), shown
in Figure 1. The product was dried overnight.
&KDUDFWHUL]DWLRQRI5'2$UHVLQ
%DVHG RQ WKH GHWHUPLQDWLRQ RI 1 FRQWHQW    LQ
R-DOA, the degree of functionalization was determined
WREHPPROJ7KHUHDFWLRQ\LHOGZDVaDVWKH
chloromethylated resin contained about 1 mmol/g –CH2-Cl
functional groups. The resin was characterized by
FT-IR spectroscopy. The transmittance bands occurred
at 3100 - 3000 cm-1 and 3000 - 2800 cm-1 were due
to aromatic and aliphatic C-H stretching frequencies.
A couple of transmittance bands observed in R-DOA,
at 1649 cm -1 were due to amidic C=O stretching,
and a sharp band at 1383 cm-1 was due to terminal
methyl rocking vibrations of N,N-dioctyl moiety. These
REVHUYDWLRQV FRQ¿UPHG ZLWK IXQFWLRQDOL]HG R[\1
N-dioctylacetamide moiety on the resin.
Extraction of Eu(III) and Am(III)
7KHGLVWULEXWLRQFRHႈFLHQW LVWKHUDWLRRIUDGLRDFWLYLW\RI
the radionuclide in the resin phase to aqeuous phase at
equilibrium) of Am(III) and Eu(III) in R-DOA as a function
of nitric acid concentration is shown in Figure 2a. The Kd
values for both metal ions increases with increase in the
concentration of nitric acid, reaching a maximum value at
3 - 4 M in nitric acid followed by decrease in Kd values.
The distribution FRHႈFLHQWVREWDLQHGIRU(X ,,, DUHKLJKHU
than the values obtained for Am(III) at all acidities.
Back extraction of Am(III) and Eu(III) from the loaded
resin phase is one of the important requirements for the

NH
NH

n

NH
N

O
(a)

O

NH
(b)

NH

Fig. 1 Scheme for the synthesis of (a) R-DOA resin and (b) polyamine-DGAH resin
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Fig. 2 Extraction of Eu(III) and Am(III) by (a) R-DOA resin and (b) PA-DGAH resin

recovery of metal ions from the loaded phase. The back
extraction of Am(III) and Eu(III) from the loaded resin
phase was carried out in batch mode, to understand
the stripping behavior of Am(III) and Eu(III). The studies
showed that the cumulative stripping of Am(III) and
Eu(III) increased with increase in the number of contacts
of stripping solution, in both cases, about 3 contacts
are need for quantitative strippig of trilvent metal ions
from the loaded resin phase using 0.01 M nitric acid.
Therefore the study indicated the possibility of group
separation of lanthanides and actinides using R-DOA
from HLLW.
Mutual separation of Eu(III) and Am(III) by polyamine
DQFKRUHGGLJO\FRODPLFDFLGUHVLQ
Diglycolamic acid anchored resin (PA-DGAH) is another
PVP-DVB based copolymer needed for the mutual
separation of Am(III) and Eu(III). It was syntheised by
the condensation reaction between diglycolic anhydride
DQGSRO\DPLGHPDWUL[ 7XOVLRQ$;03 7KHUHVLQZDV
characterized by FT-IR and NMR spectroscopy. The
,5SDWWHUQREWDLQHGLQ3$'*$+FRQ¿UPHGDQFKRULQJ
of diglycolamic acid on polyamine resin beads. The
amount of diglycolamic acid present in a gram of
resin was determined to be 2.5 mmol/g, which was in
reasonable agreement with the amount of amine moieties
(3 mmol/g), present in polyamine beads.
Extraction of Am(III) and Eu(III) in PA-DGAH
The adsorbent PA-DGAH, is a cation exchanger. The
YDULDWLRQ LQ WKH GLVWULEXWLRQ FRHႈFLHQW RI$P ,,,  DQG
Eu(III) as a function of nitric acid concentration is shown
in Figure 2b. It can been seen that the distribution
FRHႈFLHQWRIERWKPHWDOLRQVGHFUHDVHVZLWKLQFUHDVH
in the concentration of nitric acid, indicating the
involvement of cation exchange mechanism operating
for the extraction of these metal ions in PA-DGAH.
The mechanism of extraction of trivalent metal ion was

determined from the slope analysis of the extraction data
and it is represented as

Mutual separation of Eu(III) and Am(III)
The mutual separation of Eu(III) from Am(III) is
necessary prior to transmutation, since lanthanides
act as neutron poisons that reduce the efficacy
of transmutation of actinides. Diethylenetriamine
pentaacetic acid (DTPA) is an aqueous soluble
N-donor ligand which preferentially complexes with
Am(III) and retains Am(III) in aqueous phase as
compared to Eu(III). Therefore DTPA has been used
as aqueous complexing agent for increasing the
separation factor of Eu(III) over Am(III). In the absence
of DTPA the separation factor (quotient of Kd of Eu(III)
and Kd of Am(III)) achieved for the extraction of these
metal ions was very small (~4 to 5). The distribution
coefficient of both the metal ions decreased with
increase in the concentration of DTPA. However,
WKH GLVWULEXWLRQ FRHႈFLHQW RI$P ,,,  GHFUHDVHG WR D
larger extent. Therefore, the separation factor increased
from ~4 in the absence of DTPA to the value of
45 at the DTPA concentration of 0.05 M. Further
increase in DTPA concentration did not change the
VHSDUDWLRQIDFWRUWRDQ\VLJQL¿FDQWH[WHQW7KHUHIRUH
it was desirable to use 0.03 to 0.05 M DTPA for
WKH HႈFLHQW VHSDUDWLRQ RI (X ,,,  IURP $P ,,,  IURP
dilute nitric acid medium.
Thus the study indicated that R-DOA resin is a promising
resin for group separation of lanthanides and actinides
from HLLW. After recovering the trivalents, lanthanide
±DFWLQLGHVHSDUDWLRQFDQEHSHUIRUPHGHႈFLHQWO\XVLQJ
PA-DGAH with high separation factors.
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IV.15 Sensor-less Speed Measurement
of Centrifugal Extractor Banks and Indication
LQ+XPDQ0DFKLQH,QWHUIDFH

F

or Fast Reactor Fuel Reprocessing, centrifugal
extractors are used as the contactors for solvent
extraction. In CORAL, each centrifugal extractor’s
unit consists of a bank of sixteen stages (Figure 1).
Each stage is driven by an individual 3-phase squirrel
cage induction motor. The process requirement is
that the speed of each motor should be maintained
between 3300 and 3700 RPM, irrespective of the load.
Measurement of the centrifugal extractor’s motor speed
ZLWK D VHQVRU LQVLGH WKH KRW FHOO KDV GLႈFXOWLHV OLNH
unreliable measurement, disturbance of the sensor due
to movement of materials and damage due to radiation
environment. Also the variable frequency drive used
to drive the motor does not give actual speed of the
running motor. In view of the above, speed measurement
of centrifugal extractor’s induction motors in CORAL
without any sensor using mathematical methods is
needed.
A test bench was setup in the lab to carry out the testing
and simulation of centrifugal extractor’s induction motor
speed from no load to full load condition with variable
frequency drive. During the study, all parameters of the
motor such as current, voltage, power factor etc. as well
as parameters like load, actual speed using load cell
and proximity switch were recorded. The above data
were logged using Modbus communication from variable
frequency drive into PC and calculations were carried
out using mathematical equations.
&XUYH¿WWLQJXVLQJFXUUHQWDVWKHLQSXWDQGVSHHGDVWKH
output was done to establish the relationship between
the two variables (Figure 2). A large set of data were
REWDLQHGIURPWKHWHVWULJEHIRUHFXUYH¿WWLQJH[HUFLVH
was carried out. After plotting for the curve the same set
RIGDWDZHUHWULHGZLWKGLႇHUHQWGHJUHHVRISRO\QRPLDO

Fig. 1 Centrifugal extractor bank

HTXDWLRQ WR REWDLQ WKH EHVW ¿W$ VRIWZDUH ZDV XVHG
WR JHQHUDWH WKH EHVW ¿W DQG WR GHWHUPLQH WKH RSWLPDO
FRHႈFLHQWV RI WKH SRO\QRPLDO HTXDWLRQ$IWHU WULDOV LW
was observed that the 5th degree polynomial equation
gave the best result.
0RWRUVSHHG <  3 ;53 ;4 3 ;3 + P2
 ;2 3 ;1 + P0,
ZKHUH 3 LV WKH SRO\QRPLDO FRHႈFLHQWV DQG ; LV WKH
current.
The equation derived was found to be applicable within
the speed range of 2300-3700 RPM and the maximum
HUURU REVHUYHG ZLWKLQ WKLV UDQJH ZDV  DW WKH
minimum of the range as shown in Table 1.
Indication for the speed was provided in Human Machine
Interface (HMI) in the Control Room of CORAL. The HMI
communicates with the individual variable frequency
drives by Modbus protocol. The HMI is a rugged
system which provides for programming the display
screens, operator inputs through touch screen, real-time
computation of speeds and the control actions through
ladder language.
The technique for the estimation of the speed of
centrifugal extractor’s motors without speed sensor has
been implemented in CORAL and the speed is indicated
in real-time in HMI in the control room of CORAL.
Table 1: Comparison
of actual and estimated speeds

Fig. 2 Comparison of actual and estimated motor speeds
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IV.16 6WDWXVRI3\URFKHPLFDO3URFHVVLQJ5 ')DFLOLW\

A

pyrochemical method, based on molten
VDOW HOHFWURUH¿QLQJ FRPPRQO\ NQRZQ DV
Pyroprocessing, is proposed for reprocessing of
spent fuel from future metallic fuel FBRs. As part
of the pyroprocessing technology development
activities, an engineering scale facility called Pyro
Processing R&D Facility is under construction. In this
facility demonstration of two major process steps,
YL] HOHFWURUH¿QLQJ DQG FDWKRGH SURFHVVLQJ ZLOO EH
carried out for a batch size of 10 kg of uranium alloy.
Un-irradiated pins containing slug of natural uranium
will be processed in this facility.
The building housing the facility is of pre-engineered
construction type. It is of 40 metre length, 21 metre width
and 19.5 metre height. Construction of the building
(Figure 1) and erection of 5 tonne EOT crane in the
building has been completed. Main electrical panels
and power distribution system has been commissioned.
Erection of phase-1 of internal steel structure, on which
major systems will be supported is completed.

A containment box of 500 m3 volume provides the inert
atmosphere required for the processes. Containment
box fabrication works have been carried out at Central
Workshop, IGCAR and erection at site (Figure 2) is in
advanced stage. Pressure control in the containment
box is achieved by two Argon Pressure Control
Systems. Fabrication of feed and bleed tanks of APCS
is nearing completion and other major components
have been procured.
To maintain oxygen and moisture concentration
below 50 vpm(each) and temperature of argon below
40°C inside containment box, argon recirculation
DQG SXUL¿FDWLRQ V\VWHP $536  LV  UHTXLUHG 'HWDLOHG
design of ARPS has been carried out and procurement
action is in progress.

Fig. 1 Facility building

System (SH&PS) is another system of PPRDF housed
outside the containment box. Eutectic mixture of LiCl
DQG.&OZLOOEHXVHGDVHOHFWURO\WHLQWKHHOHFWRUH¿QLQJ
process. SH&PS is to reduce the moisture content
present in the commercially available LiCl and KCl.
This system consists of a salt drying unit, chlorination
unit, salt storing vessels and chlorine scrubbing unit.
Salt storing vessels and chlorine scrubbing unit have
been procured. Fabrication of chlorination unit is
nearing completion.
7HFKQLFDO6SHFL¿FDWLRQVKDYHEHHQSUHSDUHGIRUVHUYLFH
utilities for the facility which include argon supply and
distribution system, chilled water system, nitrogen
generation system and compressed air system. Only
Low level Liquid Wastes (LLW) will be generated in this
facility. Two 5 m3 (each) tanks are provided outside
the building for temporarily storing this waste before
transporting it to CWMF. Fabrication of these tanks is
also nearing completion.

(OHFWURUH¿QLQJ QDWXUDO XUDQLXP SHOOHWV ZLOO EH FDUULHG
RXWLQKLJKWHPSHUDWXUHHOHFWURUH¿QHU +7(5 DQGLW
will be housed inside containment box. Fabrication of
HTER is under progress and expected to be delivered
in the coming months.
Other system which will be housed inside containment
box is automated vacuum distillation and melting
system (AVDMS). Processing of the dendriitic deposits
at cathode in HTER is carried out in this system. The
AVDMS will be used to separate and consolidate
Uranium from salt/Cadmium present in the product
REWDLQHG IURP WKH HOHFWURUH¿QLQJ VWHS 'HVLJQ RI WKH
system was carried out in house and procurement
DFWLRQ LV LQ SURJUHVV 6DOW +DQGOLQJ DQG 3XUL¿FDWLRQ

Fig. 2 Containment box erection in progress
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IV.17 3D Modelling and Animation
of Power Manipulator and Containment Box
RI3\URSURFHVVLQJ5 ')DFLOLW\

P

yro-processing Research & Development facility
is being setup for demonstrating important
process steps of pyro-processing technology. For
KRXVLQJSURFHVVHTXLSPHQWUHODWHGWRHOHFWURUH¿QLQJ
and cathode processing stages of pyro-processing
technology, a large inert atmosphere Containment Box
is being fabricated at Central Workshop. All operations
inside the containment box will be either automated or
carried out remotely using a Power Manipulator. The
aim is to create a virtual 3D model of the containment
box housing the power manipulator for the purpose
of checking for interference with various process
equipments before physical erection and studying the
feasibility of remote operation and maintenance prior to
execution (Figure 1). This visualization will also be used
for operator training. It consists of modeling in 3D in
1:1 scale, assembly, programing interactive animation,
motion constraints and interactive visualization.
The containment box is of 500 m3 capacity (19 (L) x
3.5 (W) x 6 m (H)). It is being erected on a steel support
structure. The containment box consists of stainless
steel panels with viewing windows, lighting ports,
material transfer ports, manipulator housing ports etc.
The upper part of the containment box consists of a
chamber that houses the power manipulator and a
5 ton EOT crane. The Power Manipulator is mounted
on the gantry bridge with long travel and cross travel
rails. It is designed to handle up to 25 kg payload. The
power manipulator is having seven degrees of freedom
viz. telescopic Z - axis, azimuth (rotation about vertical
axis), shoulder rotation, elbow rotation, wrist rotation,
rotation with gripper and gripping action. Various parts
of the Power Manipulator are the long travel and the
short travel carriages, telescopic motion tubes, shoulder
unit for azimuth rotation and shoulder rotation, the
elbow unit, the wrist unit and the gripper.
The 3D models of steel support structure, containment
box and power manipulator have been created in
1:1 scale dimensions and assembled. Suitable
materials were applied to the part models. Gripper
motion was animated in animation software.
The models and animation were ported to a visualization
platform. To capture the movement, rendering elements
such as cameras, lights, 3D and 2D text frames were
introduced. All the degrees of freedom of the power
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Fig. 1 3D model of power manipulator inside containment
box

manipulator have been implemented by scripting
in the behavioral engine. Motion constraints have
been applied to all the movements in accordance
WR WKH GHVLJQ VSHFL¿FDWLRQV 7R JLYH D KLJK GHJUHH
of familiarity to the operator, a virtual control panel
similar in appearance to the actual control panel has
been created. The controls on the virtual panel have
been mapped to various degrees of freedom. All the
designated functions of the power manipulator can be
controlled using the virtual panel. 3D models of process
equipment, such as Tilting station, Scrapping Station,
($'6WDWLRQDQG(OHFWUR5H¿QLQJ6WDWLRQKDYHEHHQ
imported and placed inside the containment box at their
respective locations.
The various challenges met and overcome during
development are
1) Implementation of interactive control and motion
constraints on long travel, cross travel, telescopic
Z - axis, azimuth (rotation about vertical axis),
shoulder rotation, elbow rotation and wrist
rotation.
2) Implementation of virtual control panel by
scripting.
 ,QWHJUDWLRQRIJULSSHU¿QJHUDQLPDWLRQSUHSDUHG
in an external platform into the visualization and
controlling the same inside the behavioral engine
Finally the 3D models and animations were exported
to Advanced Visualization Centre for 3D visualization.

FUEL CYCLE

IV.18 Development of Simulation Model
IRU6SHQW0HWDO)XHO(OHFWURUH¿QLQJ

C

onstruction of a Pyro Process R&D facility in
FRTG for demonstrating the process steps of
pyrochemical reprocessing using 10 kg per batch alloy
of natural uranium is in progress. One of the important
SURFHVV VWHSV LH HOHFWURUH¿QLQJ RI DOOR\ RI QDWXUDO
uranium will be carried out in High Temperature Electro
5H¿QHU +7(5  7KH H[SHULHQFH IURP WKLV IDFLOLW\ ZLOO
be utilized in design of pyroreprocessing plant for Metal
fuel reactor. As part of this, an Ambient Temperature
(OHFWURUH¿QHU $7(5  )LJXUH   ZDV HUHFWHG DQG
commissioned with an objective of validating the
mechanism design, hydrodynamic studies and
VLPXODWLQJ HOHFWURUH¿QLQJ SURFHVV XVLQJ &X&X2+
system.
7KHGHYHORSPHQWRIVLPXODWLRQFRGHIRUHOHFWURUH¿QLQJ
of spent metal fuel will help in understanding the
HOHFWURUH¿QLQJSURFHVVDQGGHWHUPLQDWLRQRILPSRUWDQW
process parameters, such as electrode surface area,
deposition rate, current required, applied cell voltage,
and change in concentration of major and minor
actinides in salt and cadmium phase with time. It also
KHOSVLQUHGXFLQJWKHQXPEHURIXUDQLXPHOHFWURUH¿QLQJ
experiments in HTER. Simulation of molten salt
HOHFWURUH¿QLQJ SURFHVV LV D PXOWLSK\VLFV SUREOHP
such as electrochemical reaction at the electrode
surface, mass transfer of metal ions in electrolyte,
potential distribution in the electrolyte and overall
material balance of metal ions in coupled manner.
&RSSHU HOHFWURUH¿QLQJ H[SHULPHQWV LQ $7(5 DQG LQ
laboratory scale gives the initial base for simulation and
GHYHORSPHQWRIHOHFWURUH¿QLQJPRGHODQG¿QDOO\KHOSV
in validation of the code.
0RGHOOLQJ RI WKH FRSSHU HOHFWURUH¿QLQJ SURFHVV WR
VLPXODWH$7(5DQGODEVFDOHHOHFWURUH¿QLQJH[SHULPHQW
was done using elctrodeposition module of COMSOL
multiphysics software. The model helps in determining
the amount of copper deposit in cathode, the current
density distribution on the electrode surface, and cell
voltage. The average current density estimated from
the simulation matches with current density determined
IURPWKHH[SHULPHQWZLWKLQ$OVRWKHFXUUHQWGHQVLW\
distribution on the cathode surface predicted using the
model shows that the current density is maximum at
bottom edge, where deposits were maximum as found
in the experiment.
'XULQJXUDQLXPHOHFWURUH¿QLQJLWLVHVVHQWLDOWRREWDLQ

Fig. 1 ATER facility

dendritic deposit on solid cathode so that subsequent
mechanical separation of uranium is easier and
HႈFLHQW 'HSRVLW PRUSKRORJ\ LV GHSHQGHQW RQ WKH
current density and is found to occur at 1800-2000 A/m2
for both uranium and copper. Also the copper
HOHFWURUH¿QLQJ VWXGLHV LQ $7(5 DQG ODE VFDOH IRU
improving the throughput gives reasonable indication
RI WKH VXLWDEOH HOHFWURGH FRQ¿JXUDWLRQV IRU XUDQLXP
HOHFWURUH¿QLQJ
,QLWLDO $7(5 FRSSHU HOHFWURUH¿QLQJ H[SHULPHQWV ZHUH
FDUULHG RXW WR NQRZ WKH HႇHFW RI GLႇHUHQW RSHUDWLQJ
parameters like stirrer RPM, anode rotation, etc on
current density. Later studies to determine current
HႈFLHQF\ DQG FHOO FRQVWDQW ZHUH FDUULHG RXW 7KH
SDUDPHWHUV IRU GHQGULWLF GHSRVLW ZHUH ¿QDOL]HG EDVHG
on labscale studies and modeling was demonstrated
in ATER.
7RNQRZWKHHႇHFWRIVWLUUHUVSHHGRQFXUUHQWGHQVLW\
ZLWKVDPHDSSOLHGFHOOSRWHQWLDOFRSSHUHOHFWURUH¿QLQJ
H[SHULPHQWV IRU GLႇHUHQW VWLUUHU VSHHGV ZHUH FDUULHG
out in ATER. Further experiments were also carried out
WRNQRZWKHHႇHFWRIDQRGHURWDWLRQRQFXUUHQWGHQVLW\
From these experiments it was observed that the anode
URWDWLRQKDVQRHႇHFWLQLQFUHDVHRIFXUUHQWGHQVLW\EXW
the rise in stirrer speed gives rise to increase in current
density. Electro deposition study of Copper in solid
FDWKRGH WR GHWHUPLQH WKH FXUUHQW HႈFLHQF\ ZDV DOVR
carried out in ATER. The cell voltage was kept such
that no parallel reaction takes place at the electrode
VXUIDFH 7KH FXUUHQW HႈFLHQF\ RI WKH HOHFWURUH¿QLQJ
RSHUDWLRQ ZDV  ZKLFK FRQFOXGHV WKDW WKHUH LV
no short circuiting of electrode or polarization of
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HOHFWURUH¿QHUYHVVHO7KHWRWDOFXUUHQWSDVVHGLVDOPRVW
equivalent to the amount of copper deposited on the
cathode.
The electrolytes resistance depends on electrolyte
FRQGXFWLYLW\ DQG HOHFWURGH FRQ¿JXUDWLRQ LH FHOO
constant. Since the geometry and distance between the
electrodes in ATER will be approximately same as that
of HTER, experiments were carried out to determine
directly the cell constant for HTER.
Experiments in laboratory scale were also carried out
to study the deposit morphology of copper for various
current densities (800-4000A/m2). Scale up parameter
VXFK DV VSHFL¿F FDWKRGH DUHD DQG VSDFH WLPH \LHOG
in laboratory scale was kept similar to ATER. It was
observed that at lower current density the deposit is
YHU\KDUGDQGGLႈFXOWWRVFUDSHRXWZKHUHDVDWKLJKHU
FXUUHQW GHQVLW\ WKH GHSRVLW LV YHU\ ORRVH DQG IDOOV Rႇ
very easily. The optimal current density for getting
scrapable deposits was observed in the range of 1800
to 2200 A/m2. In order to validate these observations,
HOHFWURUH¿QLQJ H[SHULPHQWV ZHUH FDUULHG LQ $7(5
at same optimum current density (2000 A/m2). The
deposit morphology was dendritic as shown in Figure 2.
It was observed that the deposit was non uniform along
the length of the cathode. The deposition rates were
higher at the bottom of the solid cathode because of
high localized current densities.
After successful simulation and validation of copper
HOHFWURUH¿QLQJ SURFHVV IRU $7(5 XVLQJ &2062/
multiphysics software the simulation was extended
WR DFWXDO VSHQW IXHO HOHFWURUH¿QLQJ 7KHVH VLPXODWLRQ
model includes all three types of overpotential i.e.,
activation, concentration and resistance. The model
has been used to compute the evolution and distribution
of each element in the system in the various phases

Fig. 2 Dendritic morphology of copper deposit

as a function of time and operating conditions. The
validation of simulation model is done using reported
data available in the literature. The results show a
good agreement within the available experimental data
LQ OLWHUDWXUH ZLWKLQ  )LJXUHV  DQG  SUHVHQW WKH
validation of the model with experimental data reported.
The variation of concentration of U and Pu in the molten
salt with time is shown in Figure 3. The concentration of
uranium and plutonium was almost same in the molten
salt in the initial stages and as the deposition of U on the
cathode proceeded, the U concentration became lower
in the later stages. At this point, Pu also gets deposited.
Fig. 4 shows the amounts of U and Pu deposited on the
VROLGFDWKRGHZLWKWKHSURJUHVVRIHOHFWURUH¿QLQJ
$NLQHWLFPRGHOIRUWKHHOHFWURUH¿QLQJSURFHVVKDVEHHQ
developed using the various modules of the COMSOL
0XOWLSK\VLFV VRIWZDUH WR VLPXODWH HOHFWURUH¿QLQJ
SURFHVV IRU VSHQW PHWDO IXHO 7KH HOHFWURUH¿QLQJ
experiment using copper in ATER and lab scale
subsequently helped in the validation of the model. Also
the valuable inputs obtained during ATER experiments
were useful for improving the design of HTER.
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Fig. 3 Concentration of uranium and plutonium in
the molten salt model validation with reported
experimental data
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Fig. 4 Deposition histories of uranium and plutonium on
the solid cathode model validation with reported
experimental data
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IV.19 3\URFKHPLFDO5HSURFHVVLQJ6WXGLHVRQ8UDQLXP
and Plutonium at Liquid Cadmium Electrode

P

yrochemical reprocessing methods are high
temperature electrochemical methods ideally
suited for spent U-Pu-Zr fuels for the separation of
DFWLQLGHVIURP¿VVLRQSURGXFWV,WHPSOR\V/L&O.&ODV
electrolyte operated at 773 K. The separation scheme
is based on the thermodynamic stabilities of chlorides
RIDFWLQLGHVDQG¿VVLRQSURGXFWVLQ/L&O.&O,QRUGHUWR
investigate the electrochemical studies on plutonium,
HOHFWURUH¿QLQJRI83X=UZDVFDUULHGRXWLQDODEVFDOH
facility comprising of a train of inert atmosphere glove
boxes kept at pressures of 20 mm of water column
negative with respect to the ambient. The studies were
carried out at liquid cadmium cathode. The anode
basket consisted of SS-430 basket containing cut
SLHFHVRI83X=U ZW DOOR\URGV7KHUHIHUHQFH
electrode and working electrode were respectively,
Ag/AgCl and liquid cadmium. The electrochemical cell
assembly consisting of these electrodes is shown in
Figure 1a.
)LYHHOHFWURUH¿QLQJUXQVZHUHFDUULHGRXWIRUVWXG\LQJ
the co-deposition of uranium and plutonium at liquid
cadmium electrode. The cyclic voltammogram of
LiCl-KCl containing PuCl3 is shown in Figure 1b.

Electrorefining was carried out both employing
constant potential and constant current techniques.
The exchange current density for anodic dissolution
of U-Pu-Zr and cathodic co-deposition of uranium and
plutonium at liquid cadmium electrode was found to be
0.6 and 15 mA/cm2, respectively. The U-Pu-Zr alloy

(a)

(d)

rod after the completion of a typical run is shown in
Figure 1c.
The cadmium cathode used for co-deposition
of uranium and plutonium was subsequently
UHPHOWHGDIWHUWKHFRPSOHWLRQRIHOHFWURUH¿QLQJUXQV
and consolidated in ingot and rod forms, shown in
Figure 1d.
The Cd ingot and rods were subsequently analysed for
uranium and plutonium by gamma ray spectroscopy.
Further experiments are in progress in recovering
uranium and plutonium from Cd matrix.
7KH HOHFWURUH¿QLQJ FHOO XVXDOO\ KDV D FDGPLXP SRRO
at the bottom for collecting zirconium and fission
product elements falling from the anode basket during
HOHFWURUH¿QLQJ/RRVHXUDQLXPGHQGULWHVDOVRPLJKWIDOO
into the cadmium pool from the cathode rod. Studies
were carried out to recover uranium from cadmium pool
by making it as anode.
 JUDPV RI /L&O.&O HXWHFWLF VDOW KDYLQJ  ZW
of UCl3 was used as electrolyte. 236 g of cadmiumXUDQLXPDOOR\FRQWDLQLQJZWRIXUDQLXPDQGD
uranium rod (9 grams) immersed in it was taken as
anode whereas SS-430 rod was taken as cathode.
(OHFWURUH¿QLQJ ZDV FDUULHG RXW DW  . DW FRQVWDQW
current mode in the current range of 100-500 mA. The
total amount of the deposit with occluded salt on the
FDWKRGHZDVJUDPV&XUUHQWHႈFLHQF\RIWKHUXQ
ZDVFDOFXODWHGWREH$W\SLFDOXUDQLXPGHSRVLWLV
shown in Figure 1e.

(b)

(c)

(e)

Fig. 1 (a) Electrochemical cell assembly for plutonium experiments, (b) cyclic voltammogram of LiCl-KCl eutectic
containing PuCl3, (c) typical cross-section of U-Pu-Zr alloy rod after an electrorefining run, (d) Cd ingot and rods
containing uranium and plutonium and (e) typical uranium dendrites obtained from electrorefining run employing
liquid cadmium pool as anode
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IV.20 Dissolution of Zirconium Containing Metallic Alloy
)XHOVDQG'HYHORSPHQWRI$QDO\WLFDO0HWKRGIRU
6SHFWURSKRWRPHWULF'HWHUPLQDWLRQRI=LUFRQLXP

I

n the fuel cycle of metallic alloys, estimation of
zirconium in the presence of other elements is
essential for controlling the processes at various stages,
the reputed methods of analysis for the estimation of
zirconium either by spectrophotometry or by gravimetry

WRGLVVROXWLRQZLWKWUDGLWLRQDOQLWULFDFLGUHÀX[PHWKRG

have some limitations.

kinetics were similar in both these methods i.e. EODT

In the present work, dissolution of Zr containing metallic
alloy fuels such as U-Zr and U-Pu-Zr with varying
DPRXQWVRI=U ZW ZDVFDUULHGRXWLQ
L QLWULFDFLGPHGLDXQGHUUHÀX[FRQGLWLRQV
(ii) HNO3-HF medium and
(iii) using electro oxidative technique with cerium as
the oxidizing agent.
Dissolution of U-Pu-Zr alloy in HNO 3-HF medium
indicates that complete dissolution of U, Pu and Zr was
possible. Dissolution of U-Zr metallic alloys in HNO3
PHGLXP LQGLFDWHG WKDW PRUH WKDQ  ZW RI 8 ZDV
GLVVROYHGLQDOOWKHFDVHVDQGDERXWaZWRI=URQO\
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,Q RUGHU WR FRPSDUH WKH UHÀX[ DQG (2'7 PHWKRGV
dissolution studies were carried out under identical
conditions such as temperature, sample weight, and
dissolution period and results indicated that dissolution
DQGUHÀX[ )LJXUH 
A systematic study was carried out for the determination
of zirconium in the presence of uranium (U:Zr=1000:1).
The absorbance of zirconium complex remains unaltered
with uranium concentration indicating that uranium doesn’t
interfere in the analysis of zirconium. An attempt was made
to estimate zirconium in the presence of plutonium as
well. The absorbance of zirconium complex was found to
increase with Pu(IV) concentration, indicating interference
of Pu(IV) in the estimation of Zr. Hence suitable masking/
reducing agents were identified for the reduction of
Pu(IV) to Pu(III). These studies indicated that ascorbic

was dissolved under these experimental conditions.
Results also indicate that even in 8M HNO3 complete
dissolution of U was possible and the percentage
dissolution of Zr was found to be similar as in the case
of 12M HNO3. A black residue was settled at the bottom
of container. Dissolution of metallic alloys by EODT
(Electro Oxidative Dissolution Technique) indicated there

acid is a suitable reducing agent for the determination of

was no enhancement in the dissolution of Zr compared

dissolution of Zr containing metallic alloy fuels.

Fig. 1 Absorption spectra of Zr and Pu with xylenol orange
with and without ascorbic acid

Fig. 2 Comparison of dissolution kinetics of U and Zr in
U-Zr metallic alloys

Zr in the presence of Pu(IV) (Figure 2). The combined
HႇHFW RI 3X ,9  DQG 8 9,  LQ WKH HVWLPDWLRQ RI =U ZDV
studied and the results indicated that the absorbance of
Zr-complex remains constant over a wide range of Pu and
U concentration. This method has been employed for the
estimation of Zr in various samples generated during the

FUEL CYCLE

IV.21 Platinum Nanoparticle Coated Titanium
Electrodes for Reprocessing Applications

E

lectrochemical processes are some of the vital
steps involved in the aqueous reprocessing of
spent fuel discharged from fast breeder reactors. The
ability of the electrode to withstand high current density
DQG SURYLGH KLJK FXUUHQW HႈFLHQF\ LQ FRQFHQWUDWHG
nitric acid medium is extremely important to carry
out the electro-oxidative dissolution process for the
dissolution of plutonium-rich oxide fuels remotely,
for longer durations in radioactive environment. The
electrocatalytic activity of high performance electrodes
arises as a result of excellent surface reactivity, good
electronic and ionic conductivity and facile mass
transport of molecules. Pt is considered as a very good
electrocatalyst as it can catalyze substances at highly
anodic potentials without being decomposed and it
also posesses excellent thermal stability. However,
FRVW HႇHFWLYH 3W FRDWHG DQRGHV DUH SUHIHUUHG RYHU
pure Pt for plant applications. Recent developments in
nano- technology and surface engineering accentuate
WKH HႇHFW RI VL]H DQG VWUXFWXUH RI QREOH PHWDO EDVHG
nano particles in improving the electrochemical activity.
7KH LQFUHDVHG DFWLYH VXUIDFH DUHD HႈFLHQW PDVV
transfer for reactant molecules and improved electron
mobility make Pt, or noble metal based nanostructures
superior to their bulk or solid counter parts. Hence,
Pt nanoparticle coated Ti based electrodes were
developed for reprocessing applications via a seed
mediated hydrothermal reduction method. The
advantage of using this two-step synthesis method over
other conventional synthesis methods is in obtaining a
uniform and completely covered nanoparticle coated
surface with strong adhesion.
Fabrication of Pt nanoparticle coated Ti electrode
3W VHHGV ZHUH ¿UVW HOHFWURGHSRVLWHG RQ SUHWUHDWHG
Ti surface after optimizing deposition parameters.
These Pt seeded Ti samples were then hydrothermally
UHGXFHGLQDWHÀRQOLQHGVWDLQOHVVVWHHODXWRFODYHXVLQJ
a Pt based solution and chemical reducing agent for
10 h at 100°C. The as-synthesized electrodes were

characterized using Field Emission Scanning Electron
0LFURVFRS\ ;5' WHFKQLTXH ;36 DQG $)0 )XUWKHU
the performance of the synthesized electrode was also
evaluated by employing it for the oxidation of cerous
ion, which is used as a mediated electrochemical
catalyst.
6XUIDFHFKDUDFWHUL]DWLRQ
The Pt nanoparticle coated Ti surface was
morphologically characterized using FESEM and AFM.
It was observed that the entire surface was completely
covered with nano Pt particles after hydrothermal
reduction with pre seeded Pt. Figures 1a and 1b
correspond to the FESEM images after hydrothermal
UHGXFWLRQZLWKRXWDQGZLWKHOHFWURGHSRVLWLRQ7KH;5'
)LJXUHF DQG;36DQDO\VHVFRQ¿UPHGWKHSUHVHQFH
of fcc Pt in metallic state. Good adhesion strength (5B)
was observed between the coating and substrate in
cross hatch test.
Cyclic voltammetric study in H2SO4 medium showed
that the charge required for hydrogen monolayer
adsorption on Pt nanoparticle coated Ti was 108 times
higher than that of polycrystalline Pt surface.
Performance of the nano Pt coated Ti, polycrystalline
Pt coated Ti and Pt electroplated Ti electrodes were
investigated by employing them as anodes in the
oxidation of Ce3+ ions under an applied current in
11.5 N nitric acid. Pt nanoparticle coated titanium
DFFRPSOLVKHG  FRQYHUVLRQ RI &H3+ to Ce4+
within 2.5 hours, whereas both polycrystalline Pt
coated Ti and commercially available Pt electroplated
titanium anodes could oxidise Ce3+ completely after
4.5 hours (Figure 1d). The durability of nano Pt coated
Ti electrode was further tested in the oxidation of cerous
ions in concentrated nitric acid medium continuously
for 1000 hours. It was observed that even after
1000 hours, Pt coating was intact with minor
GHJUDGDWLRQ FRQ¿UPLQJ LWV H[FHOOHQW DFWLYLW\ VWDELOLW\
and durability in nitric acid medium.

(c)

(d)

Fig. 1 (a) and (b) hydrothermally coated Pt on Ti with and without electrodeposition, (c) XRD of Pt coated Ti anode and (d) rate of
oxidation of Ce (III)

89

I G C A N N U A L R E P O R T - 2015

IV.22 'LUHFW(OHFWURFKHPLFDO&RQYHUVLRQ
of Solid Uranium Dioxide to Uranium Metal

E

lectrochemical conversion of metal oxides to metal
by high temperature molten salt electrolysis is a
new method of producing metals directly from their
solid oxides. In this method the oxide in its solid form
is made the cathode against an appropriate anode,
generally graphite or platinum, in molten chloride
electrolyte containing small amounts of its oxide. Under
WKHLQÀXHQFHRIDSSOLHGSRWHQWLDOWKHR[\JHQSUHVHQW
in the oxide electrode gets ionized as O2- ions and
migrate to the anode and discharge there as carbon
oxides (on graphite anode) or oxygen gas (on platinum
anode). The schematic of the process for reduction of
UO2 with platinum anode in LiCl- Li2O melt is given in
Figure 1.
The new process has some merits over the conventional
chemical reduction of metal oxides. The intermediate
step of conversion of the oxide to halide and handling
of reactive metals are not required in the new process.
Unlike in conventional electrolysis, the oxide is not
dissolved in the electrolyte, but remains as a solid
block during the oxide to metal conversion. These
aspects make the process a simple one. The method
of preparation and physico-chemical characteristics
of the oxide electrode are critical to the success of
the process.
In the context of metal fuel fast reactors, a programme
was initiated at Chemistry group to study the electroreduction of solid UO 2 to U metal. The process
(Figure 1) was conducted in the constant current mode
of electrolysis at 650 oC. The lithium metal produced by
electrolysis of Li2O present in the LiCl melt chemically
reduces the UO2 electrode to U metal. The cell and
FHOOUHDFWLRQVDUHDVIROORZV
Apart from the above reactions, a small extent of
reduction will also occur by the oxygen ionization
mechanism, viz. UO2(s) + 4e = U + 2O2-.

(a)

(b)

(c)

Fig. 1 Schematic showing electro-reduction of UO2

&HOO3W/L&OZW/L2O/UO2
Cathode: 2Li+ LQPHOW Hĺ/L
2Li + UO2ĺ8/L2O (in melt)
Anode:

O2- LQPHOW ĺ22 (g) + 2e-

Net reaction: UO2 V ĺ8 V 22(g)
Cylindrical pellets of UO2 (6mm dia. x 10 mm long, porosity
a ZHUHSUHSDUHGLQKRXVHE\SRZGHUFRPSDFWLRQ
IROORZHGE\VLQWHULQJLQ $U+2 ) atmosphere at 1600 oC.
The pellets weighing ~ 100g, contained in SS wire
mesh baskets (Figure 2a), were electrolysed against
SODWLQXPFRLODQRGH )LJXUHE LQ/L&OZW/L2O melt at
650 oC. The salt adhering to the processed pellets was
GLVWLOOHGRႇXQGHUYDFXXPDWoC and representative
samples were analysed for uranium metal present by
measurement of H2 gas produced in a reaction of the
samples with HBr. The extent of conversion of UO2 to
8ZDVWKXVHVWLPDWHGDV!7KHSURFHVVHGSHOOHWV
were subjected to induction melting to consolidate the
U metal formed (Figures 2c and 2d).

(d)

Fig. 2 (a) UO2 pellet feed (100g) (b) platinum coil anode (c) processed pellets and (d) consolidated uranium metal
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V.1

N

Production and Characterization
of Enriched Para-Hydrogen
for Matrix Isolation Infrared Studies

ormal hydrogen (n-H2) contains 3:1 ratio of ortho and
para forms. The production of enriched para-hydrogen
(p-H2 > 99%) is useful for several experimental techniques
such as nuclear magnetic resonance, matrix isolation
VSHFWURVFRS\DQGVXSHUÀXLGLW\VWXGLHV$VWKHJURXQGVWDWH
of p-H2 molecule is spherically symmetric, when used in the
matrix isolation experiments, the guest – host interaction
is minimized. The p-H2 solid has hexagonal closed packed
structure and large amplitude of zero-point lattice vibration
and hence the environment around the guest molecule is
homogeneous. These properties usually result in sharp
spectrum in p-H2. Pure p-H2 gas can be produced by
passing the n-H2 gas in a controlled manner through a
catalyst kept under low temperature.
Design and fabrication of ortho/para converter
$ FORVHG F\FOH KHOLXP FU\RVWDW LV PRGL¿HG WR SURGXFH
p-H2$QRUWKRSDUD RS FRQYHUWHUFRQVLVWLQJRIDFRSSHU
bobbin made from OFHC copper block with grooves was
IDEULFDWHG$ ó´ FRSSHU WXEH ¿OOHG ZLWK K\GUDWHG ,URQ
,,,  R[LGH DV D FDWDO\VW ZDV ZUDSSHG RYHU WKH JURRYHV
DQGVLOYHUVROGHUHGWRJLYHJRRGFRQWDFW$IWHUDFWLYDWLQJ
WKHFDWDO\VWWKHEREELQZDV¿[HGWRWKHFROGKHDGRIWKH
cryostat as shown in Figure 1.
Production of p-H2
,Q RUGHU WR SURGXFH SXUH S+2 the temperature of the
bobbin was brought to 13.5 K using the closed cycle helium
FU\RVWDW$IWHU UHDFKLQJ WKH WHPSHUDWXUH QRUPDO +2 gas
from a mixing chamber with a backing pressure of ~600 torr
ZDVVORZO\DOORZHGWRSDVVWKURXJKWKHRSFRQYHUWHUXVLQJ
a gas dosing valve. The normal hydrogen undergoes a
phase change to liquid. During this phase transition there is
no increase in the downstream pressure. Once the phase
change is complete, the pressure in the downstream slowly
increases, indicating the production of p-H2JDV,QRUGHU
WRLQFUHDVHWKHJDVÀRZDWWKHGRZQVWUHDPWKHXSVWUHDP
pressure is increased to ~1200 torr while constantly

(a)

Fig. 1 Bobbin attached to cold head of the cryostat

monitoring the temperature of the cryostat to remain at
13.5 K. The parameters such as backing pressure of the
hydrogen gas, needle valve setting were optimized to get
the pure p-H2 gas.
Determination of %o-H2 impurity in p-H2
The p-H2 gas collected from the downstream is analyzed
by Raman spectra and low temperature infrared spectra.
Figure 2 compares the Raman spectra of n-H2 and p-H2
JDVSURGXFHGIURPWKHRSFRQYHUWHUDW.DQG.
The features observed at 4158.7, 4129.0 and 587.7 cm-1
are due to Q1(1), Q1(3) and S0(1) transitions of o-H2,
UHVSHFWLYHO\$W.WKHVHIHDWXUHVZHUHDEVHQWZKHUHDV
at 30 K a weak peak at 587.7 cm-1 was observed indicating
a small percentage of o-H2 present in p-H2. Figure 3 shows
WKH,5DEVRUSWLRQVSHFWUDRIVROLGQ+2 and p-H27KH,5
spectra of solid p-H2 revealed a strong S1(0) absorption
line at 4485.9 cm-1, a very strong double transition Q1(0) +
S0(0) and Q1(1) + S0(0) line at 4510.3 and 4503.1cm-1 and
a weak Q1(0) + S0(1) line at 4739.6 cm-1 were observed.
Broad feature at 4152.8 cm-1 corresponds to the Q1(0) of
o-H2. The integrated area of the double transition line is
used to obtain the thickness of the pH2 solid. The % o-H2
impurity in p-H2 solid is obtained from the thickness of the
matrix and the area of the Q1(0) transition at 4152.8 cm-1.
The %o-H2 at 13.5, 20 and 25 K was calculated to be 0.7,
2.3 and 3.6 respectively, clearly showing that the purity of
p-H2 depends on the temperature of the bobbin.

(b)

Fig. 2 Raman spectra of normal and para-H2 at 13.5 K and 30 K at
(a) 4100 - 4200 cm-1 and (b) 300 - 900 cm-1
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Fig. 3 Infrared absorption spectra spanning the
region 4900-4100 cm-1 (a) n-H2 ; p-H2 at
different temperatures (b) 13.5 K
(c) 20 K and (d) 25 K
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V.2

(ႇHFWRI,RQ,UUDGLDWLRQLQ,URQ3KRVSKDWH*ODVV

T

he aqueous high level waste (HLW) originating from
IDVWUHDFWRUVLVODUJHO\GLႇHUHQWIURPWKDWRIWKHUPDO
UHDFWRUV,URQSKRVSKDWHJODVV ,3* LVFRQVLGHUHGDV
a suitable glass matrix for the immobilization of fast
reactor waste containing higher concentration of Cs, rare
earth, Mo and Cr. Basically, glass matrix provides the
large open volume and the leach resistance required to
incorporate wide range of ions and molecular clusters
within its network.
The central issue in nuclear waste disposal is the
PRGLILFDWLRQ RI WKH JODVV PDWUL[ E\ WKH ĮSDUWLFOHV
and the recoiling heavy nuclei resulting from actinide
GHFD\7KHVHHႇHFWVFDQEHVLPXODWHGE\LRQLUUDGLDWLRQ
H[SHULPHQWV,QWKHSUHVHQWZRUNWKHVWUXFWXUDOVWDELOLW\
RI,3*XQGHULRQLUUDGLDWLRQLVUHSRUWHG
,3*VDPSOHVFRQWDLQLQJPRO)H2O3 and 60 mol%
P2O5 ,3* ZHUHLUUDGLDWHGZLWK0H92+ ions at room
WHPSHUDWXUH XVLQJ  097DQGHWURQ$FFHOHUDWRU ,RQ
LUUDGLDWLRQ ZDV FDUULHG RXW XSWR GLႇHUHQW LRQ ÀXHQFHV
ranging from 5×1013LRQVFP2 to 5×1016LRQVFP2. The
samples were studied using HRTEM .
7KHSUHVHQFHRIKROORZULQJVLQWKHHOHFWURQGLႇUDFWLRQ
pattern (Figure 1a) and the HRTEM image (Figure 1b)
of the as prepared sample confirm its amorphous
nature. The spotty rings in the electron diffraction
SDWWHUQ )LJXUHF RIWKHLUUDGLDWHGVSHFLPHQFRQ¿UP
the presence of nanocrystalline phases. The HRTEM
image (Figure 1d) of the irradiated sample clearly
shows the presence of lattice fringes in the amorphous
background. The rings in Figure 1c and the d values
in Figure 1d are indexed to the phases Fe4(P2O7)3,
Fe(PO3)3 and P2O5,WPD\EHQRWHGWKDW,3*LVUHSRUWHG
to undergo an eutectic phase transition and crystallize
into Fe4(P2O7)3 and Fe(PO3)3,QVXPPDU\LWLVREVHUYHG
WKDWLRQLUUDGLDWLRQRQ,3*KDVOHGWRWKHQXFOHDWLRQRI
GLႇHUHQWQDQRFU\VWDOOLQHSKDVHV,WLVDOVRREVHUYHGWKDW
FU\VWDOOLVDWLRQWDNHVSODFHHYHQDWORZLRQÀXHQFHDQGWKH

VL]HRIWKHQDQRFU\VWDOVLQFUHDVHVZLWKWKHLRQÀXHQFH
Crystallization of an amorphous solid is a complex
SURFHVV ,Q JHQHUDO WKH DPRUSKRXV WR FU\VWDOOLQH
phase transformation is activated by thermal energy.
But, in the present work, stress induced crystallization
mechanism is invoked to explain the ion induced
FU\VWDOOL]DWLRQ SKHQRPHQD ,3* JODVV SKDVH LV VWDEOH
compared to metallic glass phase (critical cooling rate
RI,3*LVYHU\VPDOO DQGKHQFHLWZRXOGUHTXLUHODUJH
amount of energy to crystallize which is not available in
the present case. So, thermally induced crystallization
is ruled out.
65,0FDOFXODWLRQVVKRZWKDWLQWKHFDVHRI0H92+ ions
LQ,3*WKHQXFOHDUHQHUJ\ORVV aH9QP LVQHJOLJLEOH
FRPSDUHGWRWKHHOHFWURQLFHQHUJ\ORVV aNH9QP 
So the energy is deposited predominantly by means
of excitation and ionization of the electronic system.
Further, the rapid energy transfer abnormally excites
the material along the ion path whereas the surrounding
is relatively at lower temperature. The pressure wave
formed in the wake of the projectile ion can generate
an outgoing transient stress and strain. When the
stress within an amorphous material increases beyond
a critical value, shear bands are formed. Shear bands
contain homogenously distributed excess free volume.
The excess free volume is the analogue of vacancies
in crystalline materials and the excess free volume
FRQWUROVWKHGLႇXVLRQUDWHLQDPRUSKRXVPDWHULDOV7KLV
enhances atomic mobility and leads to increased shortrange order and subsequent nucleation at longer time
VFDOHV7KHHႇHFWRIWKHVLQJOHLRQLQGXFHGORFDOVWUHVV
Vstress is estimated using visco-elastic model (700 MPa),
and it is found to be larger than the yield strength of
glasses (typically 70 MPa). Hence, the surrounding
matrix undergoes a substantial deformation resulting in
shear band formation. Nanocrystals could have been
nucleated in the vicinity of shear bands that are induced
during thermal spike process.

Fig. 1 (a) & (b) electron diffraction patterns and (c) & (d) the HRTEM images of as prepared and irradiated IPG samples
respectively
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V.3

Structure of Iron Phosphate Glass:
Molecular Dynamics Simulation

H

igher waste loading, better chemical durability
and better corrosion resistance are certain
promising features of iron phosphate glasses for
waste handling. The better chemical durability is
attributed to the presence of more hydration resistant
Fe-O-P bonds compared to P-O-P bonds available
JHQHUDOO\ LQ SKRVSKDWH JODVVHV$YDLODEOH LQIRUPDWLRQ
on the structural modelling of iron phosphate glasses
is limited. This is because, amorphous structures are
PRUHGLႈFXOWWRKDQGOHFRPSXWDWLRQDOO\WKDQFU\VWDOOLQH
ODWWLFHVVLQFHPDQ\GLႇHUHQWDWRPLFFRQ¿JXUDWLRQVDUH
SRVVLEOH ,Q DGGLWLRQ WKH VWUXFWXUH RI LURQ SKRVSKDWH
glasses not only depends on the composition, quenching
temperature of the melt and quenching technique, but
also on the concentration of Fe2+ and Fe3+ ions in the
JODVV$PRQJWKHYDULRXVFRPSRVLWLRQRILURQSKRVSKDWH
glass, the one with 40 mol % Fe2O3-60 mol % P2O5
ODEHOOHGDV,3*LVIRXQGWREHPRUHFKHPLFDOO\GXUDEOH
However, this composition has been reported by various
UHVHDUFKHUV WR KDYH GLႇHUHQW )H2+Fe ratio. Thus it
is essentail to model the structure of iron phosphate
JODVVHVVSHFL¿FWRFRPSRVLWLRQDQG)H2+Fe ratio.
Molecular dynamics simulation code LBOMD was
used to model the structure of glass. The two body
interactions, i.e. Fe-O, P-O and O-O were modelled
using a Buckingham rigid ion potential together with
a Coulomb term to model the long-range interactions
EHWZHHQ LRQLF FKDUJHV ,Q DGGLWLRQ WR WKH WZRERG\
terms, three body Stillinger – Weber potential was used
to model the O-P-O and P-O-P interactions. Each of the
glass structure was prepared by distributing the required
number of atoms of each species randomly within a
cubic box. Systems were quenched from 6000 to 10 K
at a rate of 5 x 1012 Ks-1 using temperature–rescaling
algorithm with constant volume molecular dynamics. The
temperature of system was measured at each time step

Table 1: Composition of various iron phosphate glasses
Sample
code

Composition ( at %)
3+

Fe

FePO-1

4.76

9.52

19.05 66.67

1260

FePO-2

-

7.69

23.08 69.23

1300

FePO-3

-

12.9

19.36 67.74

1550

,3*

0.51

12.24

19.54 67.71

1372

,3*

2.27

11.0

19.42 67.31

1190

P

5+

2-

O

and if the temperature exceeds the desired value by 7 %,
then, the velocities of all the atoms are rescaled, such
that, the temperature is at the desired value. Finally the
structures were minimised to 0 K using the conjugate
gradient method. Molecular dynamics computation was
carried out on these iron phosphate glasses contained
in a cubic box with a small (~ 150) number of atoms
ZLWK D YDU\LQJ )H3 DWRPLF UDWLR 7KH WRWDO QXPEHU
RI DWRPV YDULHG GHSHQGLQJ RQ WKH )H3 DWRPLF UDWLR
The potential energy of iron phosphate glasses was
analysed as function of density to obtain the structure
with the lowest potential energy, and hence the optimal
density for each glass. Structure of glasses were then
computed with large number of atoms (1100-1500) at
the optimal density. The details of the composition of
the sytems of iron phosphate glasses studied and the
QXPEHU RI DWRPV TXHQFKHG DUH JLYHQ LQ 7DEOH  ,Q
order to compare the structures, the potential energy
per atom was determined and found that system energy
LQFUHDVHV ZLWK ERWK LQFUHDVLQJ )H3 DWRPLF UDWLR DQG
Fe2+ concentration. Thus the more chemically durable
iron phosphate glass with composition of 40 mol %
Fe2O3-60 mol % P2O5 ,3* QHHGWRSRVVHVVPLQLPXP
concentration of Fe2+ ions for better stability. Typical
VWUXFWXUH RI ,3* FRQWDLQLQJ  )H2+ concentration is
shown in Figures 1 and 2.

Fe2+
P5+

Fig. 1 Structure of IPG4 containing
4 % Fe2+ concentration
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Number
of atoms

Fe2+

Fe3+
O2-

Fig. 2 Snap shot view showing various ions in IPG4; (certain bonds are not
connected for better viewing purpose)
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V.4

$WRPLF6FDOH6WXG\RIWKH(ႇHFWRI&HVLXP'RSLQJ
in lron Phosphate Glasses

,

n this study the glass of composition 60P2O3-40Fe2O3
is investigated for local structural changes and stability

7DEOH,5HVXOWVRI0RVVEDXHUSDUDPHWHUV
%
Cs

i

Gi
PPV

'i
PPV

$i

,GHQWL¿FDWLRQ

0

1

0.32

0.92

0.6

Fe3+ - octahedral

and valence of Fe ions in iron phosphate glass of

2

0.33

0.44

0.32

Fe3+ - tetrahedral

composition 60P 2O 3-40Fe 2O 3(mol%) loaded with

3

1.02

2.2

0.08

Fe2+ - octahedral

1

0.32

0.94

0.58

Fe3+ - octahedral

2

0.33

0.48

0.32

Fe3+ - tetrahedral

3

1.02

2.2

0.1

Fe2+ - octahedral

1

0.32

1.05

0.47

Fe3+ - octahedral

2

0.33

0.55

0.44

Fe3+ - tetrahedral

3

1.02

2.2

0.09

Fe2+ - octahedral

1

0.33

0.98

0.44

Fe3+ - octahedral

2

0.33

0.57

0.56

Fe3+ - tetrahedral

with Cs loading in the iron phosphate glass.
This work is aimed at understanding the local structure

different concentrations of Cs using

57

Fe based

Mossbauer spectroscopy. The spectrometer is operated

6

in transmission geometry and in constant acceleration
mode. Measurements were done at room temperature
DQG WKH VSHFWUD ZHUH DQDO\VHG WR REWDLQ K\SHU¿QH

18

parameters such as isomer shift (G), quadrupole splitting
(' DQGWKHUHODWLYHDUHD $L TXDQWLI\LQJWKHIUDFWLRQRI
Fe atoms associated with the parameters.

35

Mossbauer spectrum obtained with sample could be
deconvoluted in to three doublets as shown in Figure 1
DQGWKHFRUUHVSRQGLQJK\SHU¿QHSDUDPHWHUVDUHVKRZQ
in the Table 1. Based on the values of isomer shifts the

0.96

two doublets (i=1,2) are attributed to Fe3+ valence and
the third doublet to Fe2+ valence. Predominant fraction

0% Cs

0.88

of Fe atoms are associated with Fe3+ experiencing

Iron Phosphate

TXDGUXSROHVSOLWWLQJRIWKHRUGHURIPPVHF7KHVH

0.80

sites are understood to be associated with tetrahedral

1.00

VLWHV$QRWKHU)H3+ site associated with high quadrupole
Fe3+ occupying octahedral sites which are distorted.
The third doublet with high values of isomer shift and
quadrupole splitting is understood to be due to Fe atoms
with valence +2 and occupying octahedral sites. Fe3+
ions act as a network former in tertahedral or distorted
octahedral coordination while the Fe2+ ions act as a
QHWZRUNPRGL¿HULQRFWDKHGUDOFRRUGLQDWLRQ7KHUHVXOWV

Relative transmission

VSOLWWLQJFORVHWRPPVHFLVXQGHUVWRRGWREHGXHWR

6% Cs
0.96
1.00
0.96

18% Cs

0.92

show that for beyond 15% of Cs loading there is an
increase in Fe3+ at the cost of Fe2+.
Concomitantly, exceeding 15% of Cs loading the relative

1.00

fraction of Fe with valence 3+ and occupying octahedral
sites is observed to decrease indicating an onset of
changes in local structure resulting in the changes in
QHWZRUNIRUPHUVDQGPRGL¿HUV0RVVEDXHUUHVXOWVDUH
consistent with the evident signatures of disproportion
of pyrophosphate linkages beyond 18 mol% Cs loading
as deduced using Raman spectroscopy.

35% Cs

0.96

-4

-2

0

2

4

velocity (mm/sec)
Fig. 1 Mossbauer spectra obtained in iron phosphate glass
loaded with different percentage of Cs
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V.5

Bulk Synthesis of Nanocrystalline Urania
using Citrate Gel-Combustion

U

O2 and (U,Pu)O2 mixed oxide are used as the
GULYHU IXHO IRU ¿VVLRQ QXFOHDU UHDFWRUV ZRUOGZLGH
Recent investigations on the fuels of both Light Water
Reactors (LWR) fuels as well as Fast Breeder Reactors
(FBR) have revealed that in these fuels after prolonged
irradiation a unique microstructure called the high burn-up
structure (HBS) is observed (grain size 100 – 300 nm).
These studies had further revealed that in the LWR fuel
the HBS is limited to the rim of the fuel while in the FBR
fuel it could be found over an extended region. This phase
possesses are favorable in-pile properties such as higher
UHWHQWLRQRIPDMRU¿VVLRQJDVHVKLJKHUVWUHVVUHOD[DWLRQ
through higher plasticity and less severe radiation
damage compared to the conventional microcrystalline
nuclear fuel. However, investigations on the synthesis of
nanocrystalline actinide oxides are rather limited. Hence
experiments pertaining to bulk synthesis of quantities of
nanocrystalline (nc) UO2 have gained prominence.

,Q YLHZ RI WKH DERYH DQ H[SHULPHQWDO SURFHGXUH ZDV
GHYLVHGWRSURGXFH DERXWJSHUEDWFKRI IUHHÀRZLQJ
urania powders with crystallite size ranging from 30 to
250 nm by using citrate gel-combustion method. The
RSWLPXPFRPSRVLWLRQRIWKHFRPEXVWLRQPL[WXUHGH¿QHG
by the fuel (citric acid) to oxidant (nitrate) mole ratio (R)
ZDVLGHQWL¿HGWREH
7KH EXON GHQVLW\ VSHFL¿F VXUIDFH DUHD GLVWULEXWLRQ RI
sizes among pores and particles of the urania powders
showed a strong dependence on the value of R. The total
pore volume of these powders was inversely correlated
with their corresponding bulk density.

Fig. 1 SEM images of “calcined” urania
powers with an R value of 0.25
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7KH VSHFL¿F VXUIDFH DUHD 66$  RI XUDQLD SRZGHUV
derived through citrate gel combustion method was
comparable with those pertaining to the powders derived
WKURXJK DPPRQLXP GLXUDQDWH $'8  GU\ $'8 DQG
DPPRQLXPXUDQ\OFDUERQDWH $8& SURFHVVHV
7KH;UD\GLႇUDFWLRQDQDO\VLVRIWKHVHSRZGHUVUHYHDOHG
that they were nanocrystalline. The dimensionless lattice
strain obtained from the Hall-Williamson treatment of
WKH ;UD\ GLႇUDFWLRQ GDWD UHYHDOHG PDQ\ LQWHUHVWLQJ
aspects. The lattice strain in all these powders was
positively correlated with their X-ray crystallite size
(XCS), indicating that larger the crystallite the more
was the strain.
$ GHWDLOHG DQDO\VLV RI WKH ;&6 UHYHDOHG WKDW ZKHQ
the powders coarsen and become microcrystalline
(XCS > 100 nm) the strain approaches a constant value.
,W DSSHDUV WKDW WKH JHOFRPEXVWLRQ GHULYHG 82 2
powders are pseudomorphic (Figure 1). Microstructural
investigation of selected samples revealed the presence
of nanocrystals with macropores (Figures 1 and 2b)
with interconnected porosity (Figures 1 and 2a). High
PDJQL¿FDWLRQLPDJHRIWKHVHSRZGHUVUHYHDOHGEURFFROL
OLNH´ H[IROLDWHG PRUSKRORJ\ ZLWK HPEHGGHG IHDWXUHV
comprising faceted cubic crystals and faceted cuboidal
SRUHV 7KH VHOHFWHG DUHD HOHFWURQ GLႇUDFWLRQ 6$(' 
SDWWHUQSHUWDLQLQJWRWKHVHSRZGHUVFRQ¿UPHGWKDWWKH
³FDOFLQHG´ )LJXUHG DQG³K\GURJHQUHGXFHG´VDPSOHV
FRPSULVHGRUWKRUKRPELFĮ83O8 (Figures 2c and 2d) and
ÀXRULWH822 respectively.

Fig. 2 TEM images of “calcined” urania powders: (a) bright field image revealing
nano grains; (b) a typical nano pore; (c) HRTEM image and (d) SAED image
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V.6

Novel Soft-chemical Approach for the Synthesis of
Palladium Alloys and their Application
in Hydrogen Sensing

N

ano particles of the alloys of palladium with nickel
(Pd0.97Ni0.03 & Pd0.93Ni0.07) was prepared by a
novel low temperature chemical reduction (LTCR)
technique using sodium borohydride as the reducing
agent in acetone at 300 K. Such synthesized metal
DQGDOOR\VZHUHPDGHDVWKLQ¿OPVXVLQJSXOVHGODVHU
GHSRVLWLRQ7KHSKRWRJUDSKRIWKHDVVHPEOHGWKLQ¿OP
sensor in glass chamber is shown in Figure 1. The
UHVLVWDQFH RI WKH WKLQ ¿OP ZDV PHDVXUHG EHWZHHQ
2000 and 20000 ppm of hydrogen in argon at 300 K
using four probe technique.

XRD patterns of the powders of Pd, Pd0.97Ni0.03 and
Pd0.93Ni0.07 H[KLELWHG WKH FKDUDFWHULVWLF UHÀHFWLRQV
of palladium only, indicating that nickel enters in the
lattice positions of palladium. Similar observations
ZHUHPDGHZLWKWKHWKLQ¿OPVDPSOHVDOVR
Figures 2a shows the typical change in resistance
of Pd0.93Ni0.07 WKLQ ¿OP RQ LWV H[SRVXUH WR DUJRQ
containing hydrogen in the concentration range of
2000 - 20000 ppm at 300 K. Figure 2b shows the plot of
sensitivity
§ 'R
·
( %) ¸
¨
© R
¹

as a function of square root of partial pressure of
hydrogen (atm) for Pd, Pd0.97Ni0.03 and Pd0.93Ni0.07
WKLQ ¿OPV DW  . $ OLQHDU UHODWLRQVKLS EHWZHHQ
sensitivity and square root of hydrogen partial

11600

Fig. 1 Photograph of Pd thin film installed in a glass
chamber (top view)

SUHVVXUHLVH[KLELWHGE\DOOWKH¿OPVEHWZHHQDQG
SSPRIK\GURJHQ)URPWKH¿JXUHLWLVHYLGHQW
that the sensitivity towards hydrogen increases with
increase in the nickel content in the alloy, when
FRPSDUHG ZLWK SXUH SDOODGLXP WKLQ ¿OP 7KH VWXGLHV
show promise for development of hydrogen sensor for
monitoring its levels in the range of thousands of ppm
in argon stream.

8

20000 ppm

6
16000 ppm

11200

12000 ppm

11000
6000 ppm

10800

' R/ R (%)

Resistance (ohm)

20000

Pd0.93Ni0.07

7

11400

4
Pd 0.97 Ni0.03

2
Pd

1

10600
0

5
3

8000 ppm

argon

(a)

(ppm)
8000

2000

1000
Time (s)

0
0.00

2000

0.05

0.10
1/2

(b)

0.15

1/2

(pH2) / (atm)

Fig. 2 (a) Typical change in resistance of Pd0.93Ni0.07 thin film towards different concentrations of hydrogen in argon at
300 K and (b) sensitivity vs ( PH2 /atm.)1/2 plot for thin films at 300 K
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Array of Sensors and Methodology
for Distinguishing Analytes
7DEOH7KLFN¿OPVHQVRUVWHVWHGWRZDUGVGLႇHUHQW
analytes
S7 S8 S9 S10 S10

673

648

623

CrNbO4
573

648

Cr0.5Fe0.5NbO4
623

648

Composition FeNbO4
Operating
WHPSUDWXUH
(K)

S6

598

S1 S2 S3 S4 S5

598

Sensor
label

623

,

t is known that semiconducting metal oxides (SMOs)
DUH VHQVLWLYH WR JDV DPELHQFH$QDO\WH PROHFXOHV
either react with chemisorbed oxygen or chemisorbs
on the surface of the SMO in preference to that of
oxygen and alter the charge carrier concentration. This
chemical phenomenon is utilized in the development of
miniaturized, rugged and low power operating thick or
WKLQ¿OPJDVVHQVRUV

598

V.7

Most of the SMOs are not selective towards a single
analyte. They show some degree of cross sensitivity
WRZDUGVGLႇHUHQWDQDO\WHV%\FRQVLGHULQJWKHGLႇHUHQWLDO
kinetics of adsorption, reaction and desorption, in principle
one can distinguish the analytes both qualitatively and
quantitatively. But, relying on a single sensor output in
sensing multiple analytes leads to ambiguity in analysis.
This can be overcome by considering an array of sensors
KDYLQJGLႇHUHQWLDOVHOHFWLYLW\WRZDUGVPXOWLSOHDQDO\WHV
7KHVLJQDOVIURPWKHVHQVRUDUUD\IRUGLႇHUHQWDQDO\WHV
have to be processed using statistical tools such as
SDWWHUQUHFRJQLWLRQ 35 'LႇHUHQWFRPSRQHQWVRISDWWHUQ
recognition system are shown in Figure 1.

7KLFN ¿OP VHQVRUV RI &U1-xFexNbO4 with x = 0.0, 0.5
and 1.0 were fabricated by screen printing. These
WKLFN ¿OPV ZHUH RSHUDWHG DW GLႇHUHQW WHPSHUDWXUHV
WHVWHGZLWKSSPHDFKRIVL[GLႇHUHQWDQDO\WHVYL]
methanol, acetone, acetonitrile, cyclohexane, petroleum
gas and hydrogen individually. The sensors and their
RSHUDWLQJ WHPSHUDWXUHV DUH SUHVHQWHG LQ 7DEOH $OO
the analytes respond in a similar way and it is highly
impossible to distinguish analytes using individual sensor
sensitivity. By considering the variation in desorption
kinetics, principal component analysis was performed
on maximum slope change feature derived from all
the 11 sensors towards the response for 12 samples
(2 of each analyte).

$PRQJ WKH OLVWHG FRPSRQHQWV IHDWXUH H[WUDFWLRQ DQG
FODVVL¿FDWLRQLQYROYHVWKHSURFHVVLQJRIQGLPHQVLRQDO
GDWDIURPµQ¶GLႇHUHQWVHQVRUV6HYHUDOVXSHUYLVHGDQG
unsupervised learning tools such as Maximum-likelihood
HVWLPDWLRQ 0/( 3ULQFLSDOFRPSRQHQWDQDO\VLV 3&$ 
)DFWRUDQDO\VLV )$ DQG$UWL¿FLDOQHXUDOQHWZRUNV $11 
HWFDUHDSSOLHGIRUWKLVGDWDPLQLQJ$QXQVXSHUYLVHG
learning methodology namely, principal component
analysis is being explored. The m by n data matrix
FRQWDLQLQJUHVSRQVHVIRUµP¶IHDWXUHVVXFKDVGLႇHUHQW
compositions of gases from ‘n’ different sensors
YDULDEOHV LVSURFHVVHGXVLQJ3&$7KLVQGLPHQVLRQDO
response feature will be projected on 2-dimensional
principal component space by maintaining maximum
changes in variance among the data.

7KH 3&$ UHVXOWHG LQ WKH GLVWULEXWLRQ RI DQDO\WHV DQG
sensors in ‘scores’ and ‘loadings’ plot respectively
(Figures 2 and 3). Scores plot clearly shows the qualitative
discrimination of individual analytes irrespective of their
cross sensitivity. Loadings plot shows the individual
grouping of all CrNbO4 and Cr0.5Fe0.5NbO4 sensors.
$PRQJWKUHH)H1E24 sensors, S2 and S3 are grouped
together. This shows the redundancy in the behavior
RIGLႇHUHQWVHQVRUVRSHUDWHGDWGLႇHUHQWWHPSHUDWXUHV
From this study, it can be suggested that with four
sensors array consisting of two FeNbO4 sensors (S1
and one between S2 & S3), one Cr0.5Fe0.5NbO4 (among
S4 to S6) one CrNbO4 (among S6 to S11) will have the
capability of discriminating these analytes with similar
distribution in PC–space.

Decision
Post - processing
&ODVVL¿FDWLRQ
Feature extraction
Segmentation
Sensing
,QSXW
Fig. 1 Components of pattern
recognition system
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Fig. 2 Distribution of analytes in
PC-space(scores plot)

Fig. 3 Distribution of sensors in PC-space
(loadings plot)
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V.8

H

Calorimetric Measurements on U-19Pu-6Zr Alloy

eat capacity of the fuel materials is essential for
determining the thermodynamic properties of

50

fuel materials which are required for understanding

40

occur during the irradiation of the fuel as well as for
modeling the behavior of the fuel and to predict the
performance of the fuel under accidental conditions.
No experimental data are available in the literature for
U-19Pu-6Zr (wt.%) alloy. Hence in the present study,

H0T-Ho298 (kJmol-1)

the various chemical interactions that are likely to

enthalpy increment measurements were carried out on

GLႇHUHQWLDO FDORULPHWHU 7KH IXHO VDPSOHV DUH SURQH

20
10
Measured
Neumann-Kopp's
Our Fit (Lower temperature Phase)
our Fit (Higher temperature phase)

0

U-19Pu-6Zr alloy in the temperature range 653-1300 K
by inverse drop method by using a high temperature

30

-10
200

400

600

to oxidation and hydrolysis in the presence of oxygen

1000

1200

1400

Temperature (K)

and moisture and are also highly pyrophoric. Hence
for carrying out the calorimetric measurements on

800

Fig. 1 Enthalpy increments of U19wt%Pu6wt%Zr alloy

these radioactive samples, the calorimeter has been
attached to a leak tight glove box with high purity argon

within an accuracy of ± 0.5 K. The measured enthalpy

atmosphere maintained at a negative pressure of 25 mm

LQFUHPHQWVZHUH¿WWHGWRDSRO\QRPLDOLQWHPSHUDWXUH

water gauge with respect to the ambient and having an

by using the least squares method. The calculated

oxygen and moisture content of <10 vpm (volume per

HTXDWLRQV IRU HQWKDOS\ LQFUHPHQW -PRO  DQG VSHFL¿F

millions) each.

KHDW -PRO. DQGWKHWHPSHUDWXUHUDQJHV . RIYDOLGLW\

The samples were dropped from ambient temperature

are given in Table 1.

into the calorimeter maintained at the experimental

)URPWKH¿WHTXDWLRQWKHYDOXHVRIRWKHUWKHUPRG\QDPLF

temperature and the resultant heat flows were

IXQFWLRQVQDPHO\HQWURS\DQG*LEEVHQHUJ\IXQFWLRQV

measured. Measurement on each U-19Pu-6Zr alloy

in the temperature range 298-1300 K were computed.

sample at a given experimental temperature was

The measured enthalpy increments value of

sandwiched between the measurements on two

U-19Pu-6Zr as well as those computed using Neumann-

Į-alumina reference samples. The enthalpy increment

Kopp’s value from the recommended enthalpy data of

measurements by calorimetry were standardized by

uranium, plutonium and zirconium are shown in Figure 1.

carrying out measurements on ThO2. The overall error

The present study provides the first experimental

in these measurements was thus ascertained to be

enthalpy increment data and the heat capacity data in

± 2.5 %. The temperature of the sample was measured

the temperature range of 653-1300 K for U-19Pu-6Zr.

Table 1: The calculated equations
IRUHQWKDOS\LQFUHPHQWVSHFL¿FKHDWDQGWKHWHPSHUDWXUHUDQJHV . RIYDOLGLW\
Enthalpy increment, H0T-H0298 (Jmol-1)

6SHFL¿FKHDWCp -PRO. 

$ 7. % 7. 2+ & 7. '

$% 7.  & 7.

2

Temperature
ranges (K)

$

B*103

C*10-5

D

$

B*103

C*10-5

1

11.580

20.203

- 4.154

-3855

11.580

40.407

4.154

298 - 910

2

42.304

2.077

13.550

-17342

42.304

4.155

-13.550

960 - 1300
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V.9

CALPHAD Modelling of U-Zr Binary System

$

study of phase stability of metallic fuels is important
for studying fuel restructuring during irradiation,
which could be performed by coupling thermodynamic
GDWDEDVHV ZLWK NLQHWLF VLPXODWLRQ$ WKHUPRG\QDPLF
GDWDEDVH FRQVLVWV RI FRQVLVWHQW VHW RI *LEEV HQHUJ\
functions, which are obtained by thermodynamic
optimization of all the stable phases. One of the
motivation is to have a thermodynamic database
for U-Pu-Zr-Fe system, in which U-Zr is one of the
sub-systems. The thermodynamic optimization of
U-Zr binary system was performed by coupling new
H[SHULPHQWDO GDWD DE LQLWLR PHWKRGV DQG &$/3+$'
methodology.

7KHUHDUH¿YHSKDVHVLQ8=UV\VWHPOLTXLGDOSKD8
(orthorhombic), beta-U (tetragonal), alpha-Zr
(hexagonal), gamma-(U,Zr)(bcc) and delta (UZr2). The
¿UVWIRXUSKDVHVZHUHPRGHOOHGDVUDQGRPVXEVWLWXWLRQDO
solution. The delta phase was modelled using a twosublattice model using Wagner-Schottky constraint,
ZKHUHLQ=UDQG8DUHSUHVHQWDVGHIHFWVLQWKH¿UVWDQG
second sublattice, respectively.
The U-Zr system is characterized by four three phase
equilibria: monotectoid at 966 K involving beta-U and
bcc, eutectoid at 935 K involving ortho-U, beta-U and
bcc, peritectoid at 890 K involving alpha-U, bcc and delta,
and eutectoid at 879 K involving alpha-Zr, delta and bcc.

100

Fig. 1 Calculated U-Zr phase diagram

optimization of U-Zr was carried out using Thermo-Calc
databank system.
The calculated phase diagram is shown in Figure 1. The
calculated phase diagram is in good agreement with the
reported phase diagram in the literature. The calculated
LQYDULDQWUHDFWLRQVDOVRDUHZLWKLQ.$FRPSDULVRQRI
the solidus - liquidus phase boundary with the literature
data is shown in Figure 2.
$FRPSDULVRQRIWKHHQHUJ\RIPL[LQJRIWKHEFFSKDVH
with the ab initio data obtained in the present work and
literature data is shown in Figure 3.

New experimental data on U-Zr included the recent
solidus–liquidus measurements, inverse-drop calorimetry
of U-Zr alloys and ab initio calculations, which were
FDUULHG RXW LQ &KHPLVWU\ *URXS 7KH WKHUPRG\QDPLF

7KH SUHVHQW *LEEV HQHUJ\ IXQFWLRQV ZLOO EH XVHG IRU
developing a thermodynamic database for U-Pu-Zr
alloys. Currently, a renewed assessment of U-Pu system
has been taken up in our laboratory.

Fig. 2 Comparison of solidus and liquidus phase
boundary

Fig. 3 comparison of the energy of mixing of the bcc
phase with the ab initio data
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Instrumentation for Tin Oxide based Hydrogen Sensor
using Microcontroller

V.10

Tin oxide based hydrogen sensor
,QWKLVVHQVRUKHDWHUDQGVHQVRU¿OPVDUHLQWHJUDWHGRQ
a miniature alumina substrate and necessary electrical
leads are taken out.
Due to physical constraint, temperature sensor could
not be embedded on the heater surface. Hence, heater
temperature control is achieved by a feedback control
circuit for temperature maintenance. The sensor output
(voltage signal) varies with H2 concentration.
Instrumentation
The electronics developed to measure sensor signal
and to control the heater temperature is discussed. The
WHPSHUDWXUHFRQWUROIRUWKHVHQVRUKHDWHULVHႇHFWLYHO\
LPSOHPHQWHG LQ D QRYHO ZD\$ VXLWDEOH OLQHDU VLJQDO
conditioning circuit for measuring the sensor conductivity
is also included. Long term performance of the sensor
and temperature control is achieved.
Sensor signal measurement circuit
The tin oxide based hydrogen sensor’s conductivity is
dictated by the hydrogen gas concentration. The sensor
UHVLVWDQFH YDULHV IURP  WR  NǷ FRUUHVSRQGLQJ WR
2 to 80 ppm of hydrogen concentration.
Figure 1 shows block diagram of sensor signal
PHDVXUHPHQW FLUFXLW DQG GLVSOD\ XQLW $ YROWDJH WR
frequency converter digitizes the output voltage and the
digital signal is transmitted by a RS422 line driver to the
signal processing unit. The frequency signal is received
E\ D 56 GLႇHUHQWLDO OLQH UHFHLYHU 7KH IUHTXHQF\
signal is converted into voltage by a frequency to voltage
converter.

Fig. 1 Sensor signal instrumentation – block diagram

Heater temperature control circuit
Temperature of the heater is maintained by a
microcontroller based feedback control circuit as shown
in Figure 3a. This is achieved by maintaining heater
resistance constant by controlling the voltage across
the heater and current through it.
7KH KHDWHU FRQWURO FLUFXLW LV VWDQGDUGL]HG IRU GLႇHUHQW
heater resistance values and can be used to maintain
a constant temperature. Figure 3b shows that heater
temperature is maintained at 350°C with a stability of
of ±0.25 °C.

The typical response characteristics of a sensor system
WRZDUGVGLႇHUHQWFRQFHQWUDWLRQVRIK\GURJHQ WRSSP 
were studied and one such is shown in Figure 2.
(a)
10 ppm H2 IN

0.26

0.22
0.20

5 ppm H2 IN

Sensor signal (volt)

0.24

0.18
0.16
0.14

0

200

400

600

800

1000

1200

Time (s)

Fig. 2 Sensor response signal for hydrogen measurement

(b)
Fig. 3 (a) Heater control circuit block diagram and
(b) heater temperature stability
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HOOXULXP LV RQH RI WKH  YRODWLOH DQG UHDFWLYH ¿VVLRQ
SURGXFWVJHQHUDWHGGXULQJQXFOHDU¿VVLRQ,WFDQ
attack stainless steel (SS), the most commonly used
cladding material in fast-breeder nuclear reactors and
hence play an important role in fuel–clad chemical
LQWHUDFWLRQV,QFRQWLQXDWLRQRIRXUSURJUDPWRJHQHUDWH
thermodynamic data on tellurium and its compounds
with oxygen or clad components (Fe, Cr, Mo, Mn and Ni)
or both, vaporisation studies over (Ni2Te3O8+NiTe2O5)
in the Ni-Te-O system were carried out by Knudsen
HႇXVLRQ PDVV VSHFWURPHWU\ .(06  DQG  WUDQVSLUDWLRQ
WKHUPRJUDYLPHWU\ 77*  LQ WKH WHPSHUDWXUH UDQJHV RI
950–1060 K and 850–950 K respectively. From vapour
pressures, enthalpies of solid–gas and gas-phase
HTXLOLEULD  DQG VXEVHTXHQWO\  HQWKDOS\ DQG  *LEEV IUHH
energies of formation of NiTe2O5 V ZHUHGHULYHG$
thermochemical calculation was performed to assess
the possibility of formation of the ternary NiTe2O5(s)
phase on the stainless steel clad of mixed-oxide fuelled
IDVWEUHHGHUQXFOHDUUHDFWRUV$FRPPHUFLDO7*6'7$
instrument was used for transpiration thermogravimetric
measurements. The transpiration experiments involved
measurement of mass of the substance continuously as
DIXQFWLRQRI  FDUULHUJDV DUJRQ ÀRZUDWHDWDFRQVWDQW
temperature and (2) temperature at a constant carrier gas
ÀRZUDWH)LJXUHVKRZVWKHUHVXOWVRIVRPHVHOHFWHGÀRZ
dependence experiments at 950, 975 and 1000 K. The top
half displays the variation of rate of mass loss (dmGt) with
YROXPHWULFÀRZUDWH GVGt), and the bottom half displays
the variation of apparent vapour pressure (Papp) with dV
GW,Q.(06WKHLRQVREVHUYHGLQWKHPDVVVSHFWUDRI
the equilibrium vapour were Te+, Te2+, TeO+, TeO2+ and
O2+. The corresponding neutral species were ascertained
to be Te2(g), TeO(g), TeO2(g) and O2(g). Because of
the high background at the mass where the O2+ ion
was detected, the ion intensities of O2+ were measured
occasionally, were considered unreliable and were not
used in any data evaluation. The ion intensities of 130Te+,
256Te +, 146TeO+, 162TeO + were measured as a function
2
2
of temperature in the range of 850–950 K The pressure
calibration experiments needed to convert ion intensities
to partial pressures were performed using TeO2(s). The
partial pressure–temperature relations were obtained by
OHDVWVTXDUHV¿WWLQJRIDOORIWKHGDWDSRLQWVIURPLQGLYLGXDO
runs. From the partial pressures, the enthalpy changes
102
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Thermodynamic Properties Over
(Ni2Te3O8 + NiTe2O5) in the Ni–Te–O System:
Transpiration Thermogravimetric and Knudsen
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Fig. 1 Variation of (a,b,c) rate of mass loss dm/dt) and
(d,e,f) apparent pressure (Ptot) with volumetric
flow rates (dV/dt) in the transpiration experiments

for the reactions
2NiTe2O5(s) + 2TeO(g) = Ni2Te3O8(s) + 0.5Te2(g) +
(1)
2TeO2(g);
2NiTe2O5(s) = Ni2Te3O8(s) + TeO2(g)

(2)

were evaluated using the second and third law methods.
6XEVHTXHQWO\ HQWURS\ DQG *LEEV IUHH HQHUJ\ FKDQJHV
were also evaluated at 298.15 K. From the p(TeO), p(Te2)
and p(TeO2) obtained at each experimental temperature,
the following gas phase reaction was also evaluated by
the second and third law methods:
TeO2(g) + 0.5Te2(g) = 2TeO(g)
There is a good agreement in the equilibrium constant
and in the enthalpy values obtained for the same
gas phase reaction deduced previously by us over
(NiO-Ni2Te3O8), Mn-Te-O and TeO2 systems. The enthalpy
DQG *LEEV IUHH HQHUJLHV RI IRUPDWLRQ RI  1L7H2O5(s) at
T = 298.15 K were deduced from the corresponding
HQWKDOS\DQG*LEEVIUHHHQHUJ\FKDQJHVIRU(TXDWLRQV
and 2 by combining them with the known pertinent
thermodynamic data for NiO(s), TeO2(g), TeO(g) and Te2(g).
$WKHUPRFKHPLFDODVVHVVPHQWZDVPDGHWRH[DPLQHWKH
conditions under which the ternary Ni2Te3O8 phase could be
formed on SS clad of mixed-oxide fuelled (MO2; M = U+Pu)
fast breeder nuclear reactors. Three Pu-fractions (0.20,
 DQGIRXU20UDWLRV 
2.0004) were considered. The calculations indicate that this
ternary phase, might not be formed on SS clad.
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V.12

(ႇHFWRI/DVHU3DUDPHWHUV
on the Measurement of U/Nd Ratio
using Pulsed Laser Deposition followed
by Isotopic Dilution Mass Spectrometry

P

erformance of nuclear fuel in a reactor is monitored
E\ IXHO EXUQXS DQDO\VLV $PRQJ WKH YDULRXV
available techniques for burn-up measurement,
chemical methods involving dissolution of the irradiated
fuel sample, followed by laboratory analysis is prescribed
E\ $670 7KLV PHWKRG LV EDVHG RQ PHDVXUHPHQW
of fission product monitor and the residual heavy
atoms (actinides) in the sample of the irradiated fuel.
The analytical process involves separation of rare
HDUWKV¿VVLRQSURGXFWVIURPWKHVSHQWIXHOIROORZHGE\
separation of the burn-up monitor (usually 148Nd) and
both these steps are carried out by anion exchange
method. The separated burn-up monitor and the
UHPDLQLQJDFWLQLGHVDUHWKHQTXDQWL¿HGE\DQ,VRWRSLF
'LOXWLRQ0DVV6SHFWURPHWHU\ ,'06 WHFKQLTXHXVLQJ
WKH 7KHUPDO ,RQL]DWLRQ 0DVV 6SHFWURPHWHU 7,06 
The overall procedure that yields the best accuracy for
determination of burn-up, however, is labor intensive
and time consuming and therefore carries the risk of
exposure of the analyst to radioactivity and will add
VLJQL¿FDQWORDGLQWKHSURFHVVLQJRIERWKWKHKLJKDQG
low level liquid wastes in nuclear waste processing
facilities.
$WKLJKEXUQXSVWKHFRPSRVLWLRQRIWKHQXFOHDUIXHO
pellets changes in a non-homogeneous manner within
LWVUDGLXV7KHVSDWLDOSUR¿OHRIEXUQXSDQGKHQFHWKH
LQIRUPDWLRQRQWKHUHGLVWULEXWLRQRI¿VVLOHDQG¿VVLRQ
product atoms across the pellet are needed, which
cannot be obtained from the chemical dissolution
method.
Laser ablation inductively coupled plasma mass
VSHFWURPHWU\ /$,&306  ZRXOG EH WKH EHVW VXLWHG
WHFKQLTXH IRU VXFK EXUQXS SUR¿OH PHDVXUHPHQW LQ
the irradiated fuel pellets. However, in the case of
unavailability of such a facility, a procedure involving
pulsed laser deposition (PLD) of heavy element (U
DQG 3X  DQG ¿VVLRQ SURGXFWV 1G /D HWF  IURP D
spent fuel matrix followed by isotopic dilution mass
VSHFWURPHWU\XVLQJ7,06FDQEHDGRSWHGWRPHDVXUH
the heavy element to burn-up monitor (of interest)
ratio in the irradiated fuel, from which burn-up can be
determined. This present study reports the development
RIVXFKDQDQDO\WLFDOWHFKQLTXH,QWKLVZRUN1G<$*

Fig. 1 Measured U/Nd ratio in the PLD thin films at
different laser parameters

laser pulses of 1064, 532, 266 nm wavelengths with
8 ns and 100 ps pulse widths as well as KrF excimer laser
pulses (248 nm) of 30 ns pulse width were employed
WR GHSRVLW WKLQ ¿OPV RI WKH VLPXODWHG VSHQW QXFOHDU
IXHO SHOOHWV 7KH GHSRVLWHG WKLQ ¿OPV ZHUH GLVVROYHG
in nitric acid and analyzed for residual heavy element
(U) to burn-up monitor (Nd) ratio using isotopic dilution
PDVVVSHFWURPHWU\ HPSOR\LQJWKH7,06WHFKQLTXH WR
determine the burn-up in these simulated fuel pellets.
7KHHႇHFWRIODVHUSDUDPHWHUVOLNHZDYHOHQJWKDQGSXOVH
width on the stoichiometry of the deposited sample and
on the accuracy of the measurement is summarized
in Figure 1. While the use of ns-laser pulses of
1064 nm wavelength resulted in high elemental
fractionation with enhanced Nd concentration compared
to the target composition, the 266 nm ps-laser pulses
SURGXFH¿OPVZLWKOHDVWHOHPHQWDOIUDFWLRQDWLRQLQWKH
¿OPDQGKHQFHEHVWVXLWHGIRUWKLVDQDO\WLFDODSSOLFDWLRQ
(minimum error 1.7% and maximum error 6.8%) with
the actual value).
The method described here is attractive because only a
moderate vacuum is required for PLD, it is amenable for
remote sample handling, generates far less radioactive
liquid waste (during dissolution) and provides the spatial
SUR¿OHDFURVVWKHIXHOSHOOHW
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V.13

Solubility of Tributyl Phosphate
in Supercritical Carbon Dioxide

R

ecently, much attention has been paid to
Supercritical Fluid Extraction (SFE) of metal ions
from diverse matrices and the technique is considered
as an environmental friendly and as alternative to
conventional solvent extraction. SFE is an attractive
technique for nuclear applications, because of its
inherent potential to minimize the amount of secondary
liquid waste generation. SFE of metal ions using
neat CO 2 can be achieved by complexing with
suitable ligands and resultant metal complex could
become quite soluble in supercritical carbon dioxide
(SC-CO2). The primary criterion for the use of a ligand
in SFE is that it should have reasonable solubility in
SC-CO2. Therefore, solubility of ligand and metal complex
plays a crucial role in designing and optimization of a
particular SFE process. Organophosphorous compounds
have been widely employed in solvent extraction of metal
LRQVSDUWLFXODUO\LQWKHQXFOHDU¿HOGIRUWKHH[WUDFWLRQ
of actinides because of their high extractability of metal
ions from acidic media and radiochemical stability.
TBP is selective towards tetra and hexavalent metal
ions and led to its use as extractant for nuclear fuel
reprocessing. Solubility of TBP in supercritical carbon
dioxide plays a critical role in designing a SFE process
and its feasibility as extractant in SC-CO2 medium.
$ FRQWLQXRXV ÀRZ DSSDUDWXV PHWKRG ZDV GHYHORSHG
and used for measuring the solubility of TBP in SC-CO2.
The experimental set-up consisted of a high pressure
CO2 pump, high pressure equilibrium cells, thermostat
DQGDEDFNSUHVVXUHUHJXODWRU$QDSSURSULDWHDPRXQW
RI7%3ZDVORDGHGLQWRWKHHTXLOLEULXPFHOOVDQG¿OOHG
with SC-CO2, placed in a thermostat to maintain a
constant temperature. The system pressure was
regulated and controlled by a back pressure regulator.
$IWHU HTXLOLEUDWLRQ 6&&22 was allowed continuously
to flow through the system at a constant flow rate
using a CO2 pump. By ensuring the adequate contact
between SC-CO2 and solute, the outgoing CO2 stream
was found to be saturated with solute. The stream was
WKHQFROOHFWHGLQDFROOHFWLRQYHVVHORYHUDGH¿QLWHWLPH
period and amount of solute collected was determined
JUDYLPHWULFDOO\ 2Q WKH EDVLV RI WRWDO ÀRZ RI 6&&22
and total amount of TBP collected, the solubility of TBP
was measured.
The solubility of TBP was measured at temperatures
of 313, 323 and 333 K in the pressure range of 100104

Table 1: The solubility of TBP measured at various
temperatures in the pressure range of 100-250 bar
Temperature (K)

Pressure (bar)

Solubility of
7%3 PRO/LW

313

103

1.2

123

1.3

150

1.4

200

1.5

250

1.5

103

0.8

123

1.1

150

1.3

200

1.4

250

1.5

103

0.4

123

0.8

141

1.0

160

1.1

180

1.2

200

1.3

250

1.4

323

333

250 bar. The solubility of TBP was found to be very
high in the investigated region and shown in Table 1.
The maximum solubility of TBP was found to be
PRO/LW7KHVROXELOLW\LQFUHDVHVZLWKWKHSUHVVXUH
at all isotherms investigated but showed relatively
weak pressure dependence. Raising the pressure
at isothermal conditions increases the density of the
SC-CO2, which enhances the specific interactions
between CO2 and solute molecules, thereby increasing
the solubility. Retrograde behavior of solubility was
observed and is marked by decreasing the solubility
of TBP with increasing the temperature at isobaric
FRQGLWLRQV$SORWRIOQ 6 ZLWKOQ ȡ LVOLQHDULVRWKHUP
follows the Chrastil’s equation. The solubility of
the TBP in SC-CO 2 is mainly due to (i). Lewis
acid – Lewis base interactions; (ii). Weak C-H--O
hydrogen bonding between CO2 and TBP. The high
solubilities in the investigated pressure and temperature
range may be due to the complete miscibility of the TBP
with SC-CO2. Since TBP has high solubility in SC-CO2,
homogeneous mixture of TBP-CO2 can be prepared for
WKH6)(RIPHWDOLRQV,WLVREYLRXVIURPWKHUHVXOWVWKDW
WKHVROXELOLW\RI7%3FDQEH¿QHWXQHGE\DOWHULQJWKH
density of SC-CO2.
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V.14

Time-Temperature-Sensitization Diagrams and
Critical Cooling Rates of Nitrogen Alloyed 316L SS
with Various Degrees of Prior Deformation

N

itrogen alloyed 316L SS is developed for use
as structural material for future sodium cooled
fast reactors. The carbon content is kept low so
WKDW  VHQVLWL]DWLRQ  DW  WKH  KHDW  DႇHFWHG  ]RQH  FDQ
EH PLQLPL]HG  WR DYRLG  LQWHUJUDQXODU FRUURVLRQ ,*& 
DQG  LQWHUJUDQXODU VWUHVV FRUURVLRQ FUDFNLQJ ,*6&& 
of weldments. To increase the life of future reactors
from 40 to 60 years, high nitrogen alloyed 316L SS is
being considered. Cold working of stainless steels and
their thermal exposure in the sensitization temperature
range are often unavoidable in service. The aim of this
LQYHVWLJDWLRQLVWRXQGHUVWDQGWKHLQÀXHQFHRIFROGZRUN
on isothermal sensitization behavior and critical cooling
rates (CCR) of two varieties of 316L SS, Pl-1 and Pl-2
(Table 1). CCR data are helpful during solution annealing
and stress relieving heat treatments.

1023
973
923
873
823
773

Temperature (K)

(a)

1

1023
973
923
873
823
773

(c)

1023
973
923
873
823
773

(b) 1

10
100
1000
Soaking time (h)
-No Attack
-Light Attack
-Fully Attack

1

10
100
Soaking time (h)

-No Attack
-Light Attack
-Fully Attack

Temperature (K)

-No Attack
-Light Attack
-Fully Attack

10
100
Soaking time (h)

1000

-No Attack
-Light Attack
-Fully Attack

Temperature (K)

Temperature (K)

Time-temperature-sensitization (TTS) diagrams were
HVWDEOLVKHG DV SHU $670 $ 3UDFWLFH $ ( )RU
Practice E test, 80 x 10 x 6 mm specimens were kept in a
glass cradle, embedded with copper turnings and boiled
in 10% CuSO4 + 16% H2SO4VROXWLRQIRUKRXUV$IWHU
exposure, the specimens were bent through 180o using
a mandrel over a diameter not less than the thickness
of the specimen. Cracked specimens were categorized
DVVHQVLWL]HGZKLFKDUHVXVFHSWLEOHWR,*&,Q3UDFWLFH$
test, electrolytic etching was carried out in 10%
ammonium per sulphate solution, at a current density of
 $FP 2 for 1.5 min. The etched specimens were
H[DPLQHGXQGHUDQRSWLFDOPLFURVFRSHDWDPDJQL¿FDWLRQ
of 200X.

Table 1: Chemical Composition of the two nitrogen alloyed
316L SS. Elements are expressed in wt.%
Pl-1
Pl-2

C

N

Mn

Cr

Mo

Ni

Fe

0.025
0.033

0.14
0.11

1.74
1.78

17.6
17.62

2.53
2.51

12.15
12.27

bal
bal

,QLWLDOVWUDLQLQJ  VHQVLWL]HVWKHJUDLQERXQGDULHV
either by activating grain boundary ledges or creating
QHZOHGJHVOHDGLQJWRLQFUHDVHGFKURPLXPGLႇXVLYLW\
and enhanced carbide nucleation, which are manifested
in the faster kinetics (lower ts), (ts is the minimum time
WR VHQVLWL]DWLRQ  DV VKRZQ LQ 7DEOH $W KLJKHU FROG
work levels, low ts in Pl-2 is due to increased dislocation
density and high C content, whereas in Pl-1 recovery
was observed at high cold work levels at 923 K.
Carbon and nitrogen are the important elements which
DႇHFWVHQVLWL]DWLRQNLQHWLFV&&5FDOFXODWHGIURP776
diagrams (Figure 1) will be high when the kinetics of
sensitization is fast. Hence, high CCR was observed
in Pl-2 (having high carbon and low nitrogen content),
whereas in Pl-1 due to low carbon and high nitrogen,
kinetics of sensitization will be sluggish with low CCR as
VKRZQLQ7DEOH$WKLJKHUFROGZRUNOHYHOVH[WHQVLYH
intragranular precipitation had occurred in P1-2 as
observed in the optical micrographs, shown in Figure 2.
7KLVZLOOVKRUWHQWKHGLႇXVLRQSDWKVDQGIDYRXUVIDVWHU
desensitization kinetics.
TDEOH9DULDWLRQRIWLPHUHTXLUHGIRUVHQVLWLVDWLRQ Ws),
CCR (Critical cooling rates) w.r.t cold work in the nitrogen
alloyed 316L SS [Pl-1 &Pl-2]
% CW

ts (Pl-1)
(hours)

ts (Pl-2
(hours)

&&5.K
(Pl-1)

&&5.K
(Pl-2)

0

16

7.5

9

9

5

15

6

10

19

10

12.1

5.8

11

20

15

9

4.5

14

21

20

10

4.6

13

22

25

11.5

3

11

34

1023
973
923
873
823
773

1000

(d)

1

10
100
Soaking time (h)

1000

Fig. 1 TTS diagrams established for nitrogen alloyed 316L
SS (Pl-2): (a) 5%CW; (b) 25%CW and (Pl-1):
(c) 5%CW; (d) 25%CW

Fig. 2 Optical micrographs obtained in Practice-A test for
Pl-2 heat treated at 923 K/24h: (a)10% CW and
(b) 25%CW

105

I G C A N N U A L R E P O R T - 2015

V.15

Thermal Stability and Thermophysical Property
Characterization of SS 304H Cu and Alloy 740
for Advanced USC Application

T

With regard to thermophysical property measurements,
the enthalpy increment (HT-H298  VSHFL¿F KHDW &p)
DQG WKHUPDO GLႇXVLYLW\ a) were measured using drop
FDORULPHWU\DQGODVHUÀDVKWUDQVLHQWWKHUPDOGLႇXVLYLW\
106

various thermophysical properties
Dl

Cp
-1

-1

(J Kg K )

1.57

3.42

13.63

298

1.13

2.94

9.41

23

10
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3 K min

5
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Fig. 2 DSC on-heating thermogram for Alloy 740
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Ni base Super Alloy 740
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506
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1200 K (927oC)
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2

1610 K (1337oC)

740

-6

1619 K (1346oC)

$OOR\

k W m-1

a
-1

1485K (1212oC)

304HCu

-5

1333K (1060oC)

Thermophysical properties

7DEOH$W\SLFDOVHWRIYDOXHVDWURRPWHPSHUDWXUHIRU

1030 K ( 757oC)

,Q WKLV FDVH$OOR\  LQ WKH SUHVHQFH RI ¿QH VFDOH
GLVWULEXWLRQRIȖ¶1L3 $O7L Ș1L3(Ti,Nb), MX, and M23C6
phases in Ni-rich fcc matrix provides for high temperature
strength. The slow scan DSC yielded very useful
information about the dissolution temperatures of various
precipitates: M23C6  .  Ȗ¶  .  Ș  .
and Nb(C,N)(1452 K). The solidus and liquidus
WHPSHUDWXUHVIRU$OOR\DUHHVWLPDWHGWREHDQG
1649 K respectively. Figure 2 presents a typical DSC
WKHUPRJUDPREWDLQHGRQ$OOR\ZKHUHLQDSSURSULDWH
transformation temperatures are also marked.

techniques respectively. The bulk thermal expansion was
determined using dilatometry. From the knowledge of
room temperature density (U), temperature depenedent
values of bulk thermal expansion (Dl VSHFL¿FKHDW &p)
DQGWKHUPDOGLႇXVLYLW\ a), the thermal conductivity (k)
was estimated using the relation, k = UaCp. These data
were obtained over a temperature range of 300 - 1273 K.
$W\SLFDOVHWRIYDOXHVDWURRPWHPSHUDWXUHIRUYDULRXV
thermophysical properties are given in Table 1.

endo

The high temperature thermal stability of this material
has been investigated using differential scanning
calorimetry (DSC). The DSC results together with
Thermocalc based equilibrium simulations are used to
obtain estimates of the dissolution temperatures for Cu
(1167 K), M23C6(1320 K) and MX(1440 K) phases. The
solidus and liquidus temperatures are found to be 1607
and 1723 K respectively.

Fig. 1 Microstructure of solution treated and aged
SS 304HCu steel

DSC Output (PV)

he selection, property characterization and
indigenisation of large scale development of
PDWHULDOV IRU ,QGLD¶V ¿UVW DGYDQFHG XOWUD VXSHUFULWLFDO
$86& WKHUPDOSRZHUSODQWLVLQGHHGDFKDOOHQJLQJWDVN
There are a spectrum of high temperature and corrosion
resistant materials that are required to be developed
WR PHHW VWULQJHQW GHVLJQ VSHFL¿FDWLRQV WRJHWKHU ZLWK
GHWDLOVRISURFHVVÀRZVKHHWVDQGWHVWLQJSURFHGXUHV
,QWKLVFRQQHFWLRQWKHFXUUHQWUHSRUWKLJKOLJKWVEULHÀ\
WKHUHVHDUFK¿QGLQJVRQKLJKWHPSHUDWXUHSKDVHVWDELOLW\
and thermophyiscal properties of two indigenously
GHYHORSHG$86&PDWHULDOVQDPHO\304HCu (Fe-9.3Ni17.7Cr-2.95Cu-0.91Mn-0.58Nb-0.24Si-0.1C-0.12N)
DQG $OOR\  1L&U&R0R)H
$O1E6L 0Q&7L  The
basic microstructural characterization of both materials
has been carried out using XRD, optical and electron
PLFURVFRS\ 6(0 7(0 ,QFDVHRI66+&XWKH
presence of (Fe,Cr)23C6, Nb(C,N) and nano sized Cu
SUHFLSLWDWHVDUHREVHUYHGLQWKH.KRXUVDJHG
PLFURVWUXFWXUH )LJXUH   ,W PD\ EH DGGHG WKDW WKH
SUHVHQFHRI¿QH0;DQG&XSDUWLFOHVFRQWULEXWHWRKLJK
temperature creep strength.

TL
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V.16

,QWHUGLႇXVLRQLQ)H7L:HOG-RLQWVXQGHU(TXLOLEULXP
DQG1RQHTXLOLEULXP&RQGLWLRQV

E

TXLOLEULXPDQGQRQHTXLOLEULXPGLႇXVLRQGULYHQJURZWK
characteristics of the reaction zones in a binary
Fe-Ti system has been studied in the temperature range
RI.IRUYDULRXVGXUDWLRQV,QWHUGLႇXVLRQXQGHU
HTXLOLEULXPFRQGLWLRQVZDVVWXGLHGLQDGLႇXVLRQDQQHDOHG
GHIHFWIUHHIULFWLRQMRLQWZKLOHWKHQRQHTXLOLEULXPGLႇXVLRQ
was studied in explosive clad joints where large number
density of lattice defects and metastable microstructures
LQÀXHQFHWKHNLQHWLFVRILQWHUGLႇXVLRQ
'LႇXVLRQXQGHUHTXLOLEULXPFRQGLWLRQV

The Back scattered electron image showing the interface
microstructure of )H7LIULFWLRQMRLQWVGLႇXVLRQDQQHDOHGDW
1073 K for 100 hours duration is shown in Figure 1 with
VXSHULPSRVHGKDUGQHVVSUR¿OH
Microstructural analysis showed formation of a ~8 μm
wide continuous zone at the interface with dark contrast
(arrow marked). This zone possessed a high hardness
RIa9+1ZKLOHwell formed equiaxed ferrite grains
DUH HYLGHQW RQ )HVLGH ZLWK D KDUGQHVV RI a 9+1
Microchemical analysis using Electron Probe Micro
$QDO\]HU (30$ VKRZHGDVWHSIRUPDWLRQDWWKHLQWHUIDFH
suggesting the formation of secondary phases at the
interface. Width of this interfacial zone was measured as
~12 PP$FRUUHODWLRQRIPLFURFKHPLFDOGDWDZLWKELQDU\
Fe-Ti equilibrium phase diagram implied that composition
of the interfacial zone corresponds to FeTi intermetallic
phase. Further, electron microscopy investigations
FRQ¿UPHGWKHSUHVHQFHRI)H7LLQWHUPHWDOOLFSKDVHDWWKH
)H7LMRLQWLQWHUIDFH

wide Widmanstätten region on Ti side. The formation of
Widmanstätten Ti is commensurate with the stabilization
of high temperature E7L SKDVH GXH WR LQWHUGLႇXVLRQ RI
Fe and its transformation during cooling.
TKHZLGWKRIWKHGLႇXVLRQDO]RQHZDVREWDLQHGDVaPm
from image analysis, but measured as ~120 Pm
IURP (30$ SURILOHV GXH WR WKH GLIILFXOW\ LQ ORFDWLQJ
WKH LQWHUIDFH EHWZHHQ :LGPDQVWlWWHQ DQG Į 7L DV WKH
LQWHUIDFH LV GLႇXVLYH LQ QDWXUH 'LႇXVLRQ RI )H LQ 7L LV
found to be more as compared to that of Ti in Fe which is
evident from the microstructure in Figure 2. The average
composition at the transition point was measured as
44.7Fe-53.1Ti-2.2C (in wt%) which corresponds to the
stoichiometric composition of intermetallic FeTi phase.
Beyond the cross over point, constant concentration
(2.5Fe-96.2Ti-1.2C) up to a distance of ~113 μm is
observed on the Ti side. These composition values
are superimposed on the binary (Fe-Ti) and ternary
(Fe-Ti-C) equilibrium phase diagrams to identify the
SKDVHVWKDWZRXOGIRUPZLWKWKHUPDOH[SRVXUH$FFRUGLQJ
to the Fe-Ti phase diagram, presence of over Fe 0.08%
VWDELOL]HVWKHKLJKWHPSHUDWXUHȕSKDVHRI7LDWDPELHQW
temperature. Therefore the presence of ~2 wt% of Fe in Ti
VLGHLVH[SHFWHGWRVWDELOL]HWKHȕSKDVHZKLFKRQFRROLQJ
transformed to Widmanstätten Dȕ7LSKDVH )LJXUH 
Beyond ~113Pm (from the interface), the concentration of
ȕVWDELOL]LQJHOHPHQW )H GHFUHDVHVDQGWKHFRPSRVLWLRQ
reaches the base metal composition of Ti.

&KDQJHLQWKHLQWHUIDFHPLFURVWUXFWXUHRI)H7LH[SORVLYH
FODGVGLႇXVLRQDQQHDOHGDW.IRUKLVVKRZQ
in Figure 2 with the corresponding hardness profile
superimposed. $GDUNEDQGZLWKDWKLFNQHVVRI~5 Pm
was observed at the interface followed by ~100 Pm

From the above results, it can be concluded that the
LQWHUGLႇXVLRQLQ)H7LV\VWHPXQGHUHTXLOLEULXPFRQGLWLRQV
resulted in a reaction zone of width limited to 12 Pm
ZKLOHQRQHTXLOLEULXPGLႇXVLRQUHVXOWHGLQDPm wide
GLႇXVLRQ]RQH7KLVGLႇHUHQFHFDQEHDWWULEXWHGWRIDVWHU
GLႇXVLRQRIHOHPHQWVDVVLVWHGE\WKHKLJKYROXPHIUDFWLRQ
of lattice defects in the explosive clad joints.

Fig. 1 BSE image showing the interface microstructure of
Fe/Ti friction joint heat treated at 1073 K for 100 h
with superimposed hardness profile

Fig. 2 BSE image showing the interface microstructure of
Fe/Ti explosive joint heat treated at 1073 K for 100 h
with superimposed hardness profile

'LႇXVLRQXQGHUQRQHTXLOLEULXPFRQGLWLRQV

107

I G C A N N U A L R E P O R T - 2015

V.17

Development of Zirconia Dispersoid based ODS Steel

T

he major concern in achieving high burn up in sodium
cooled fast breeeder reactors (FBRs) comes from
the limitations of the in core structural materials, which
fail in the hostile reactor environment. Oxide Dispersion
Strengthened (ODS) ferritic steels are known for their
superior high temperature mechanical properties and are
candidate materials for in core applications of FBRs. Ultra¿QHGLVSHUVRLGVL]HDQGQDUURZVL]HGLVWULEXWLRQUDQJHDUH
the key to attaining the requisite high mechanical strength
KHUH<WWULD7LWDQLDFRPSOH[HVDUHFRQYHQWLRQDOO\XVHGDV
dispersoids for their better high temperature properties and
DUHZHOOVWXGLHG<WWULDEHDULQJDF,VWUXFWXUHLVNQRZQ
to amorphize during mechanical milling, but reappears
by nucleation and growth during annealing, growing up
WRPLFURQVL]HV7LWDQLDDGGLWLRQWRWKHPDWUL[FDQUH¿QH
WKHVL]HE\IRUPLQJ<WWULD7LWDQLDFRPSOH[HVEXWWKHVL]H
GLVWULEXWLRQLVVWLOOTXLWHEURDG,QWKLVVFHQDULR=U22 is an
excellent choice as an alternative oxide, owing to its similar
high temperature stability, low fast neutron absorption
cross section and possibly an important characteristic of
lower number of atoms in the unit cell with mP12 structure.
,QWKHFXUUHQWVWXG\D)HZW=U22 system was ball
PLOOHGIRUGLႇHUHQWWLPHGXUDWLRQVYL]DQG
100 hours. Objectives of this research include the study
of evolution of ZrO2 dispersoids and Fe crystallites with
milling duration and optimization of the milling duration
based on the achievement of desired microstructure
and microchemical uniformity. Morphology studies by
SEM indicated 30 hours of milling duration as optimized
but chemical homogeneity was obtained only after
100 hours of milling. Figure 1a is a SE micrograph of
a 100 hours milled powder particle. The corresponding
X-ray mapping of the powder particle is given in Figure 1b.
,QWKHPLFURJUDSKWKHUHGDQGF\DQLQGLFDWHVWKH)H.Į
DQG=U/ĮUHVSHFWLYHO\7KHLPDJHFOHDUO\LQGLFDWHVWKH
complete homogenization of the ZrO2 dispersoids in the
)HPDWUL[&U\VWDOOLWHVL]HUH¿QHPHQWLQYHVWLJDWLRQE\;5'

Fig. 1 (a) SEM micrograph of a 100 hours milled powder particle
and (b) X-ray map from ROI shown in Figure 1a

and TEM indicated retention of crystallinity after 100 hrs
of milling with ZrO2 crystallites measuring about 5-10 nm.
The retention of crystallinity allowed us to image the
ZrO2FU\VWDOOLWHVYLDGDUN¿HOGLPDJLQJLQ7(0)LJXUH
represents the same, wherein the bright spots measuring
5-10 nm are ZrO2 crystallites. The ZrO2 phase was found
not to amorphise unlike the other popular oxide dispersoid,
yttria. This was understood in terms of smaller number
of atoms per unit cell for the former and considered a
GHVLUHGSURSHUW\$PRUSKLVDWLRQFDQOHDGWRDQXQGHVLUHG
nucleation and rapid growth of the dispersoids during
high temperature consolidation process. This establishes
the rationale behind choice of ZrO2 as an alternate
dispersoid material for ODS alloys. Further, matrix strain
DQDO\VLVE\PRGL¿HG:+PHWKRGLQGLFDWHGDQLQFUHDVH
in the dislocation density inside the Fe matrix. Nano
hardness of the powder was found to be increasing with
increase in milling duration which was attributed to the
collective consequence of (i) Hall – Petch strengthening
(ii) Dispersion strengthening and (iii) Strain hardening.
Keeping in sight of these promising results, further
activities are taken up to study the thermal evolution of
this nanocrystalline powder. The XRD results of 100 hours
milled and 900°C annealed for 2 hours is shown Figure 3.
Results indicated that ZrO2 crystallites are stable against
coarsening. Crystallite size of ~54 nm is observed from
XRD analysis. Results are promising considering the
FRDUHVHQLQJLVVXHVRI<2O3.
a: Fe (110)
b: Fe(200)
c: Fe (211)

a
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100h milled_Ann 900 C_2h

DZrO2(-110)
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Fig. 2 ZrO2 Dark field TEM micrograph showing bright ZrO2
crystallites
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Fig. 3 XRD plots of as milled and powder annealed at 900°C
for 2 hours
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A Semi-empirical Approach
to Correlate DBTTs Obtained
IURP'LႇHUHQW6L]HRI&KDUS\6SHFLPHQV

C

90
80
Charpy Energy (Joules)

KDUS\9QRWFKLPSDFWWHVWLVDPHWKRGWRGHWHUPLQH
the ductile to brittle transition temperature (DBTT)
of ferritic steels, commonly using standard Charpy
VSHFLPHQV [[ PP  DV SHU $670 ( 
+RZHYHU IRU VWXG\LQJ WKH QHXWURQ LUUDGLDWLRQ HႇHFW
RQ '%77 IRU GLႇHUHQW QXFOHDU DSSOLFDWLRQV VXEVL]H
specimens are considered to save irradiation space.
However, the reduced dimensions leads to loss of
constraints, and non conservative DBTT values.
Thus a correlation in this direction is of immense
technological importance, especially for the candidate
wrapper material of Fast Breeder Reactors (FBRs), e.g.
9Cr-1Mo steels.

USE
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Semi-empirical correlation for DBTT
$VVXPLQJWKDWPRVWRIWKHIUDFWXUHHQHUJ\LVFRQVXPHG
in crack initiation in the notch-root region, notch root
volumes from smaller sized specimens (VNS) have been
normalized by the notch root volume of the full size
specimen (VNF). The notch root volume in this study
PHDQVWKHH[DFWYROXPHEHORZWKH9QRWFKUHJLRQDV
schematically represented in Figure 2.
Similarly, the DBTTs obtained at each %USE from
smaller sizes (DBTTS) were normalized with DBTT
obtained from full size specimen (DBTTF). DBTTS
DBTTF DV< KDVEHHQSORWWHGZLWKUHVSHFWWR9NS9NF
(as X) in Figure 3. The variation can be expressed as

c
a

Fig. 1 Charpy energy vs temperature(size: 5x10x55 mm)

DSRZHUODZHTXDWLRQRIWKHIRUP< = ;m. The values
of Z and mDWGLႇHUHQWSHUFHQWDJHVRI86(KDYHEHHQ
REWDLQHG IURP WKH DOORPHWULF ¿WHTXDWLRQV Z remains
PHUHO\FRQVWDQW a DWGLႇHUHQW86(+RZHYHUWKH
exponent m, exponentially varies from 0.05 to 0.25
with respect to %USE. From the above results, the
proposed correlation is :
DBTTS'%77F  9NS9NF)m
where m varies exponentially from 0.05 to 0.25 with
UHVSHFWWR86( WRRI86( 6LJQL¿FDQFHRI
DBTTS, DBTTF, VNS and VNFKDYHEHHQGH¿QHGearlier.

1.0
80% of USE

DBTT / DBTT from Full Size Specimen

$ QRUPDOL]HG DQG WHPSHUHG PPWKLFN SODWH RI
9Cr-1Mo steel with chemical composition (wt%) as
C: 0.10, Cr: 8.44, Mo: 0.94, Ni: 0.17, Cu: 0.10, Si: 0.48,
63$ODQGEDODQFH)HZDVXVHG
for this study. DBTTs were determined (as percentage
of the USE, shown in Figure 1) using specimen with
sizes of 10x10x55 mm, 5x10x55, 3x10x55, 5x5x55 and
3x3x55 mm.
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Notch Root Volume = axbxc m3
Fig. 2 The schematic representation of the notch root
volume
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Fig. 3 Variation of DBTTS/DBTTF (as Y) with respect to
VNS/VNF (as X)
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V.19

$VVHVVPHQWRI:HOGLQJ,QGXFHG5HVLGXDO6WUHVVHV
in Austenitic and Ferritic Steels
XVLQJ;5'7HFKQLTXH

X

-ray diffraction (XRD) based residual stress
(RS) measurement is widely used technique for
GHWHUPLQDWLRQRIUHVLGXDOVWUHVVHVLQFRPSRQHQWV,Q;5'
technique, the distance between the crystallographic
SODQHV µG¶VSDFLQJ LVPHDVXUHGDWYDULRXVȥDQJOHV
ZKHUHȥLVWKHDQJOHEHWZHHQWKHQRUPDORIWKHVDPSOH
DQGWKHELVHFWRURIWKHLQFLGHQWDQGGLႇUDFWHGEHDP7KH
µG¶VSDFLQJDWYDULRXVȥWLOWVDUHDFFXUDWHO\GHWHUPLQHG
From the slope of sin2ȥYVµG¶VSDFLQJSORWWKHUHVLGXDO
stress is estimated by assuming a plane stress model.
Welding induced residual stress is a major cause of failure
LQ FRPSRQHQWV 7KH IDFWRUV LQÀXHQFLQJ WKH residual
stress SUR¿OHV LQ D ZHOG MRLQW DUH KHDW LQSXW W\SH RI
welding, pre-heating, thickness, electrode, weld groove
design and properties of base metals. The stresses that
DUH LQWURGXFHG GXULQJ ZHOGLQJ DUH LQÀXHQFHG E\ WKH
non-uniform heat distribution taking place during the
ZHOGLQJ DQG WKH ¿QDO GLVWRUWLRQ WKDW LV DFKLHYHG DIWHU
WKHFRQVWUDLQWV LIDQ\ DUHUHPRYHG$GGLWLRQDOO\SKDVH
transformation in ferritic steels, initially as austenite
(fcc) later transforming to ferrite (bcc) causes volume
expansion. The present study compares the residual
stresses that develop in 4 mm thick SS 304L and
PPWKLFN37,*ZHOGMRLQWVXVLQJ;5'WHFKQLTXHWR
VWXG\WKHLQÀXHQFHRISKDVHWUDQVIRUPDWLRQWKDWRFFXUV
in P91 steel during cooling of the weld pool.

110

Cr KĮ Ȝc UDGLDWLRQUHVSHFWLYHO\
The variation of longitudinal residual stress with
distance from the weld centre is shown in Figure 1 for
ERWKWKHZHOGSDGV7KHZHOGSUR¿OHLQ66/VKRZV
W\SLFDOLQYHUWHG9SUR¿OHZLWKSHDNVWUHVVHVRI03D
being found in the weld centre (WC). This is caused by
WKH GLႇHUHQWLDO VKULQNDJH EHWZHHQ WKH ZHOG SRRO DQG
WKHSDUHQWPDWHULDOZKLFKLVFORVHWRWKHZHOGSRRO,Q
3ZHOGSDGWKHUHVLGXDOVWUHVVSUR¿OHVKRZVW\SLFDO
0SUR¿OHLQGLFDWLYHRIUHGXFWLRQLQresidual stress at the
weld centre due to the phase transformation that occurs
GXULQJ FRROLQJ RI WKH ZHOG SRRO $W WKH ZHOG FHQWUH
of the P91 weld, tensile residual stress of ~270 MPa
ZDV REVHUYHG$W  PP IURP WKH ZHOG FHQWUH SHDN
tensile residual stress RI  03D ZDV REVHUYHG $
comparison of the residual stress  SUR¿OHV EHWZHHQ
WKHWZRZHOGSDGVVKRZVWKDWWKHVWUHVVDႇHFWHG]RQH
extends up to 12 mm in both the weld pads which is
attributed to the similar heat inputs adopted for these
two weld joints.

7ZR PRGL¿HG &U0R VWHHO SODWHV RI GLPHQVLRQV
125×300× 3 mm were used to prepare a weld pad of
GLPHQVLRQ[[PPXVLQJDKHDWLQSXWRIa-PP
6LPLODUO\ $,6, W\SH / VWDLQOHVV VWHHO SODWHV
(thickness 4 mm) of width 75 mm and length 150 mm
were welded together autogenously by using a heat
LQSXW RI  -PP ORZHU   -PP PHGLXP  DQG
-PP KLJKHU 6WUHVVPHDVXUHPHQWVRQ66/
and P91 were carried out using Cr Kȕ Ȝc DQG

7KHHႇHFWRIKHDWLQSXWRQZHOGFHQWUHresidual stress
in SS 304L weld pads is shown in Figure 2 along with
WKDWRIWKH3ZHOGSDG,WLVFOHDUIURP)LJXUHWKDW
lower heat inputs show higher levels of residual stress
due to the faster cooling causing higher levels of residual
stress  ,W LV QRWHG WKDW WKH 66 / ZHOG SDG ZHOGHG
ZLWKDORZHUKHDWLQSXWVKRZHGVLPLODULQYHUWHG9SUR¿OH
However, the stress gradients close to the weld was
larger. Similarly, in the higher heat input weld pad, the
VWUHVVDႇHFWHG]RQHH[WHQGHGXSWRPPIURPZHOG
centre. The study showed that phase transformation
reduces the peak stresses at the weld centre in ferritic
VWHHOOHDGLQJWR0W\SHSUR¿OHV7KHVWXGLHVRQDXVWHQLWLF
66/VKRZHGWKDWKHDWLQSXWDOVRSOD\VDVLJQL¿FDQW
role in development of residual stress in welds.

Fig. 1 Residual stress profile across ferritic and austenitic
weld pads

Fig. 2 Effect of heat input and phase transformation on RS
at the weld centre
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V.20

Imaging of Defects
in Coarse Grained Austenitic Stainless Steel
XVLQJ8OWUDVRQLF:DYHOHWEDVHG$SSURDFK

U

ltrasonic inspection of coarse grained material
has been a challenge due to presence of high
amplitue back-scattered echoes. The intensity of the
back-scattered echoes increases with increase in the
frequency of inspection. Distortion of the phase in target
echoes will take place and signals can be merged in the
scatter noise completely or partially depending on the
grain size to wavelength ratio. The above mentioned
OLPLWDWLRQVPDNHLWGLႈFXOWWRGHWHFWWKHWDUJHWHFKRHV
by conventional time and frequency domain analysis
techniques due to poor signal to noise ratio. Hence,
a time-frequency based wavelet approach is being
developed for detection and imaging of defects in high
scattering medium by ultrasonic technique.
Calibration specimen of 50 mm thickness and 200 μm
JUDLQ VL]H ZDV VSHFLDOO\ PDGH XVLQJ$,6, 7\SH 
DXVWHQLWLF VWDLQOHVV VWHHO$UWL¿FLDO ÀDW ERWWRP KROHV
(FBH) of 3 and 6 mm diameter were machined to
GLႇHUHQWGHSWKVUDQJLQJIURPWRPPLQWKHVSHFLPHQ
(Figure 1). Ultrasonic immersion technique using
10 MHz transducer was used to acquire C-scan data
by automatic scanning.
Short time Fourier transform (STFT) based approach
was used for detection of defects and evaluation
RI IUHTXHQF\ FRQWHQW DW GLႇHUHQW GHSWKV LQ FRDUVH
grained austenitic stainless steel specimens
(Figures 2a to 2c). The change in the peak frequency
content of the incident ultrasonic wave with travel

(a)

(c)

(b)

(d)

Fig. 2 (a-c) Ultrasonic signal from defect at 30 mm depth, its
STFT spectrogram and frequency content at defect
location (d) the peak frequency values obtained from
artificial defects at different depths using STFT and
comparison with empirical model

Fig. 1 Schematic of specimen with flat bottom holes made
at different depths

distance is evaluated experimentally by ultrasonic
signals obtained from artificial defects located at
GLႇHUHQW GHSWKV 7KH V\VWHPDWLF GHFUHDVH LQ SHDN
frequency is also validated by an empirical model based
on scattering theory and is shown by the continuous
line in Figure 2d. The peak frequency of ultrasonic wave
decreases with travel path and showed a systematic
decrease. The frequency content of defect signals lies
in the range of 2-3.5 MHz as shown in Figure 2d.
The continuous wavelet transform based approach is
adopted for imaging of defects. Computer programs
ZHUH PDGH LQ /DE9,(: 0RUOHW EDVHG DQDO\VLV ZDV
performed to the ultrasonic signals. Since the frequency
content from the defects lies in a particular range,
VLQJOH ZDYHOHW VFDOH ZDV VXႈFLHQW WR LPDJH DOO WKH
defects in the specimen. Figures 3a and 3b show
C-scan images obtained by conventional and wavelet
DQDO\VLVRIXOWUDVRQLFVLJQDOV,WFDQEHFOHDUO\YLVXDOLVHG
that all the defects present in the specimen could be
imaged by wavelet based approach, however only one
defect can be detected by conventional time domain
analysis.

(a)

(b)

Fig. 3 (a) Conventional (time domain) and (b) wavelet
processed C-scan images of defects. Ultrasonic
signals were acquired from specimen shown in
Figure 1
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V.21

Structural and Charge Density Analysis
of Mg-doped Nano Zirconia Prepared
E\:HWFKHPLFDO5RXWH

Z

irconia (ZrO2) is an important ceramic material due to
its excellent thermal, mechanical, dielectric, chemical
DQGELRFRPSDWLELOLW\SURSHUWLHV,WLVZLGHO\XVHGLQPDQ\
technological applications such as catalyst, fuel cells,
WKHUPDO EDUULHU FRDWLQJV DQG JDV VHQVRUV ,W KDV WKUHH
GLႇHUHQW SRO\PRUSKV RI FU\VWDO VWUXFWXUHV *HQHUDOO\ LW
has monoclinic crystal structure at room temperature and
reversibly transforms to tetragonal (~1443 K), cubic phase
at high (2643 K) temperatures and melts at 2989 K. The
stabilization of zirconia in cubic structure by introduction of
lower valence oxides is of great technological importance.
The production and migration of oxygen vacancies and
interestials are of primary interest particularly for nuclear
applications because of their role in microstructure
evolution under irradiation. Stabilized cubic zirconia phase
also possess high ionic conductivity at high temperatures.
,Q WKH SUHVHQW VWXG\ WKH HႇHFW RI 0J GRSLQJ RQ WKH
structural aspects of zirconia is investigated by X-ray
GLႇUDFWLRQ5LHWYHOGDQDO\VLVPHWKRGV
10 mol% Mg doped zirconia was synthesized by wet
chemical process using zirconium oxynitrate and
magnesium nitrate and calcined at various temperatures
RIDQG.;UD\GLႇUDFWLRQPHDVXUHPHQWV
were carried out with Cu KD1 c  UDGLDWLRQ
7KH VWUXFWXUDO DQDO\VLV ZDV FDUULHG RXW E\ IXOO SUR¿OH
fitting Rietveld method followed by electron density
calculation using Maximum Entropy Method (MEM).
The final MEM cycles weighted reliability factors
Rf = 1.19% and Rwp = 1.33% indicates that the model
LVZHOO¿WWHG7KHW\SLFDO5LHWYHOGSORWRI.FDOFLQHG
powder shows cubic phase of Mg doped zirconia
(Figure1a). The lattice parameter of the face centered
FXELF )&&  SKDVH ZDV IRXQG WR EH D    c
which is slightly higer than that of pure cubic zirconia
  c DWQRQDPELHQWSUHVVXUH7KHERQGOHQJWK
EHWZHHQ =U DQG 2 ZDV IRXQG WR EH   c LQ
Mg-doped zirconia. The crystallite size of Mg-doped zirconia
calcined at 673 K shows ~13 nm with RMS strain of 0.004.
The three dimensional (3D) electron density distribution
of Mg-stabilized cubic phase is shown in Figure 1b.
,W LV FOHDUO\ VHHQ WKDW WKH R[\JHQ DWRPV WHWUDKHGUDOO\
coordinated with Zr is highly anisotropic in nature. The
anisotropic nature of oxygen may be explained by means
RI KLJK WKHUPDO YLEUDWLRQV 8LVR    c2) due to
oxygen vacancy generation. Such localisation of oxygen
electron density may stablise the crystal structure in cubic
phase with other parameters like crystallite size and strain.
The powder calcined at 873 K shows 25.8%(wt%)
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monoclinic and 74.2% tetragonal zirconia. The lattice
parameter of doped monoclinic phase was a = 5.140(1),
b= 5.188(1), c = 5.3037(9) with beta = 99.05(1)º which
ZDV IRXQG WR EH VOLJKWO\ GLႇHUHQW IURP SXUH PRQRFOLQLF
phase of zirconia. The reduction of lattice parameter in
Mg-doped zirconia was attributed to lower atomic radius
of Mg (150 pm) than that of Zr (155 pm). Lattice parameter
of tetragonal phase was observed as a= 3.5905(1) and
F   c7KHODWWLFHSDUDPHWHUFKDQJHREVHUYHG
for doped zirconia for tetragonal phase is also attributed
WRWKHHႇHFWRIGRSLQJ7KHFU\VWDOOLWHVL]HRIPRQRFOLQLF
and tetragonal phases was found to be ~28 and ~31 nm
respectively. The corresponding RMS strain observed was
0.003 and 0.002 respectively.
For the powder calcined at 1073 K, Rietveld analysis
results show 90.3% of monoclinic with 9.7% tetragonal
mixture. The crystallite size of monoclinic and tetragonal
phases was found to be ~119 and ~46 nm respectively with
RMS strain of 0.0008 and 0.002. Lattice parameter a, b
and c of monoclinic phase at 1073 K calcined powder was
5.13771(9), 5.19767(9), 5.30647(9) respectively with beta
= 99.208(1). Lattice parameter showed a slight decrease in
³D´DQGVOLJKWLQFUHDVHLQEFGLUHFWLRQVGXHWR0JGRSLQJ
into ZrO2 lattice. Lattice parameter of tetragonal phase was
D   DQGF   cDQGLQFRPSDULVRQZLWK
873K calcined powder, it was observed that there was not
much change in lattice parameter, indicating saturation of
0JVROXELOLW\LQWHWUDJRQDOSKDVHDWWKLVWHPSHUDWXUH,Q
conclusion, Mg-doped Zirconia phase calcined at 673 K
shows cubic phase, powder calcined at 873 K shows
PRQRFOLQLF  DQGWHWUDJRQDO  SKDVHV$WKLJKHU
calcination temperature (1073 K) a mixture of 90%
monoclinic and 10% of tetragonal phase was formed.

(a)

(b)

Fig. 1 (a) Typical Rietveld plot of Mg-doped zirconia
powder calcined at 673 K and (b) 3D electron
density distribution (0.5e / Å3 iso-surface) shows O2
site has anisotropic nature due to oxygen vacancy
creation by Mg doping
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V.22

Vanadium Substitution in Cubic TiCr2 Laves Phase:
Atomic Scale Chemistry by High Resolution Imaging

H

igh resolution images are formed as a result of
interference between the direct electron and
diffracted beams. The final recorded images do not
contain the phase information that carries structural
LQIRUPDWLRQIURPWKHVSHFLPHQDVZHOODVWKHHႇHFWRIWKH
imaging system. The contrast in such images are very
sensitive to the thickness of the specimen, defocus and
the aberration function introduced by the microscope and
also on the local potential of the individual atomic species
present in the system. This makes high resolution electron
microscopy an extremely sensitive probe for elucidating
DWRPLFVWUXFWXUHLQWKLQVDPSOHV,QDGGLWLRQTXDQWLWDWLYH
analysis of the inter-planar spacings and variation in
the contrast may help in understanding local chemistry.
However, since the contrast in high resolution images
depends on several factors, direct interpretation of the
LPDJHV LV QRW SRVVLEOH ,QVWHDG H[SHULPHQWDO LPDJHV
obtained over a wide range of experimental conditions
need to be compared to image simulations using atomic
VWUXFWXUHPRGHOV1HYHUWKHOHVVWKLVWHFKQLTXHRႇHUVDQ
attractive alternative for determination of chemistry with
very high spatial resolution, as illustrated in the following
example from cubic TiCr2/DYHVSKDVHZKHUH 9 LVGRSHG
upto 0.15 atom% in the Laves phase matrix. The alloy
has been prepared by vacuum arc melting of highly pure
97LDQG&URIDSSURSULDWHDWRP7KHDOOR\EXWWRQKDV
been remelted several times for homogenization.
$V HYLGHQW IURP WKH GLႇUDFWLRQ EDVHG H[SHULPHQWV 9
does not occupy independent lattice sites and hence
the challenge lies in determining the site specific
VXEVWLWXWLRQ RI WKH 9 DWRPV 7KH GHWDLOHG SKDVH
structural information has been obtained with the aid
of structural modeling and image simulation. Figure 1
shows the phase contrast micrograph along [011]
GLUHFWLRQ RI 9 GRSHG7L&U2 phase with cF24 structure.
Comparison between experimental micrograph and the
atomic modeling along the particular zone axis suggests
WKDW RQO\ WKH &U DWRPLF FROXPQV RI VSHFL¿F ORFDWLRQV
DUH LPDJHG )RU FRQ¿UPDWLRQ WKLFNQHVVGHIRFXV PDS
has been generated for cubic TiCr 2 structure along
[011] zone axis. Superposition of the atomic structure
PRGHO RQ WKH VLPXODWHG LPDJH FRQ¿UPV WKDW RQO\ &U
atomic columns from particular lattice sites are imaged
at the Scherzer defocus condition for relatively lower
thickness (~18 nm) of the specimen. Superposition of
the atomic structure model and the simulated image
shows that Ti atomic doublets are imaged for the higher
specimen thickness (~ 55 nm) at Scherzer defocus. To
understand the unique nature of the atomic contrast the
exit plane wave function for both Cr and Ti columns has

Fig. 1 Zero loss phase contrast micrograph showing the
atomic planes from the Laves phase specimen

been generated as a function of thickness along [011]
zone axis. Exit plane wave function shows the presence
of both Cr and Ti atomic columns along the entire
thickness. The convolution of the exit plane wave with
the complex aberration function of the microscope results
LQWKHGLVDSSHDUDQFHRIWKHVSHFL¿FDWRPLFFROXPQVDW
VSHFL¿FWKLFNQHVVLQWKH¿QDOLPDJH,QRUGHUWRORFDWH
WKH9DWRPLFFROXPQVHOHFWURQLQWHQVLW\SUR¿OHKDVEHHQ
generated along both Cr and Ti atomic site columns and
has been compared with that from the simulated image
of pure TiCr2 cubic laves phase for the same zone axis
)LJXUH (OHFWURQLQWHQVLW\SUR¿OHVWXG\LQGLFDWHVWKDW
9 VXEVWLWXWHV 7L UDWKHU WKDQ &U IURP LWV UHJXODU ODWWLFH
VLWHV7KLVLVIXUWKHUVXEVWDQWLDWHGE\WKH¿UVWSULQFLSOHV
FDOFXODWLRQVWKDWWKH9VXEVWLWXWLRQLQWKH7LVXEODWWLFHLV
energetically favoured.
7KXV9VLWHVXEVWLWXWLRQKDVEHHQFKDUDFWHULVHGLQWHUQDU\
Laves phase alloy using detailed analysis and simulations
of phase contrast microscopy images.
(a)

(b)

(c)

(d)

Fig. 2 Experimental phase contrast image and the
corresponding intensity profile where only the Cr
atoms provide the bright contrast (a & b) and Ti
columns provide the bright contrast (c&d)
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V.23

Investigation of Plasma Plume of Some Oxides
by Langmuir Probe during Pulsed Laser Deposition

T

he plasma characteristics have a direct bearing
on the kinetics and qXDOLW\ RI WKLQ ¿OPV )LJXUH 
The laser produced plasma is highly transient in nature
and its parameters vary in both space and time. The
studies of spatio-temporal evolution of plasma plays an
LPSRUWDQWUROHGXULQJWKLQ¿OPV\QWKHVLVDVLWSURYLGHV
information about various processes occurring during the
IRUPDWLRQDQGH[SDQVLRQRISODVPD$/DQJPXLUSUREH
is used as a diagnostic tool to get insight into the laser
produced plasma.
Tungsten and cerium oxide plasma plume was created as
DUHVXOWRILQWHUDFWLRQZLWK.U)H[FLPHUODVHU ȜaQP
with WO3 and CeO2WDUJHWV(ႇHFWRIR[\JHQSUHVVXUH
on the ion density and average energy of ionized
species such as tungsten and oxygen ions in case of
tungsten oxide and cerium and oxygen ions in case of
cerium oxide has been investigated using Langmuir
probe coupled with PLD system. Oxide powder of
99.99% purity was fine ground and compacted to
a pellet of 20 mm diameter and 3 mm thickness by
applying a pressure of 10 MPa. These pellets were
sintered at about 1400 K for 4 hours and the sintered
densities were calculated and found to be ~ 90%. These
SHOOHWVZHUHFKDUDFWHUL]HGE\DQ;UD\GLႇUDFWRPHWHU
attached with a curved position sensitive detector
XVLQJ &X .Į1 (0.15406 nm) radiation. The pellets
were then cleaned with acetone and mounted onto
the target holder located inside a vacuum chamber
using silver paste. The chamber was evacuated to
10í mbar using a combination of pumping systems. The
spatio-temporal evolution of laser ablated plasma plume

of tungsten oxide was investigated at an oxygen partial
pressure of 10-2 mbar. The optimum target-substrate
GLVWDQFHIRUWKHV\QWKHVLVRIJRRGTXDOLW\WKLQ¿OPVZDV
IRXQGWREHPP,WZDVIRXQGWKDWWKHDYHUDJH
energy and average electron temperature of ionized
VSHFLHV WXQJVWHQ DQG R[\JHQ  LV  DQG  H9
respectively at an oxygen partial pressure of 10-2 mbar.
The relationship between the target-substrate distance
(D) and oxygen partial pressure (P) followed the
empirical relationship PD3ZLWKUHVLGXDO¿WRI
Plasma behavior of ceria was also investigated in the
pressure range 10í to 10í mbar of oxygen partial
SUHVVXUH ,W ZDV IRXQG WKDW WKH LRQ GHQVLW\ RI FHULXP
and oxygen decreased with increase in the oxygen
partial pressure which was found to have a maximum
value of 2.25×1017mí at 10í mbar and a minimum of
7.05 × 1015 mí at 10í mbar. The average energy of
WKHLRQL]HGFHULDLVIRXQGWREHH9DWí mbar
DQGH9DWí mbar. The increase in the average
energy with oxygen partial pressure is attributed to
the gain of energy from recombination. The high
value of average energy of ionized species increases
the ad atom mobility for synthesis of good quality of
WKLQ ¿OPV 7KH VSDWLDO YDULDWLRQV ZHUH PHDVXUHG DW
GLႇHUHQWORFDWLRQVEHWZHHQWKHWDUJHWDQGWKHVXEVWUDWH
holder at an oxygen partial pressure of 10í mbar. The
average ion density is higher only close to the target,
while the electron density is maximum at a distance of
30 mm. This is attributed to the increased mobility of
the electrons compared to those of ions of cerium and
oxygen at this oxygen pressure.
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Fig. 1 Typical probe current versus probe voltage curve and 1st and 2nd derivatives (A) ion saturation region (B) electron
retardation region and (C) electron saturation region
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V.24

Atom-Column Contrast of Athermal
DQG,VRWKHUPDOȦ3KDVHLQD7LZW0R$OOR\

T

KH Ȧ IRUPLQJ EFF WUDQVLWLRQ PHWDO DOOR\V JHW
DWWHQWLRQLQWKH¿HOGRIPDWHULDOVVFLHQFHQRWRQO\
due to their structural anomalies but also due to their
GHWULPHQWDO HႇHFWV LQ RYHUDOO PHFKDQLFDO SURSHUWLHV
7KH Ȧ LV D W\SLFDO GLVSODFLYH WUDQVIRUPDWLRQ SURGXFW
phase formed by the collapse of alternate [222]
planes in cubic bcc with orientation relationship of
!ȕŒ!Ȧ$VWKHUHDUHIRXUHTXLYDOHQW>@
SODQHVLQFXELFEFFIRXUȦYDULDQWVDUHSRVVLEOHZLWK
PXWXDORULHQWDWLRQDQJOHRIÛ7KHLQWHUPHGLDWHVWDWH
RIEFFDQGWKHQDQRPHWHUVL]HGȦSKDVHLQIRXUYDULDQWV
creates challenges in imaging and understanding of the
DWRPLFFROXPQFRQWUDVWRIȦ
Phase contrast images of atomic column in Ti–15wt% Mo
TXHQFKHG DOOR\ ZLWK Ȧ SKDVH SUHFLSLWDWHV RI
2-5 nm sizes show randomly distributed ‘fuzzy’ contrast
DORQJ ZLWK EFF ȕ PDWUL[ FRQWUDVW 7KH Ȧ UHÀHFWLRQV
become sharp in the power spectrum (Figure 1a) from
such fuzzy regions indicating that there is an overlap
RIȕDQGPXOWLSOHYDULDQWVRIQDQRPHWUHVL]HGȦ7KH
PXOWLSOHVFDWWHULQJRIHOHFWURQVIURPȕDQGYDULDQWVRI
Ȧ LV UHVSRQVLEOH IRU WKLV LQGLVWLQFW FRQWUDVW LQ SKDVH
FRQWUDVWLPDJHV7KHEHVWVROXWLRQWRLPDJHȦSKDVH
at atomic resolution would be to thin the sample down
to the precipitate size of 2-5 nm, which is not feasible
ZLWKSUHVHQWVDPSOHSUHSDUDWLRQWHFKQLTXHV$EHWWHU
DSSURDFK LV WKH XVH RI SRVWLPDJLQJ )RXULHU ¿OWHULQJ
WHFKQLTXHVVXFKWKDWUHÀHFWLRQVIURPDVLQJOHSKDVH
DORQH DUH VHSDUDWHG RXW 6XFK ¿OWHUHG ))7V IRU WKH

YDULRXVVHWVRIUHÀHFWLRQVIURPWKHPDWUL[DQGSURGXFW
phase variants could then be subjected to inverse FFT
to obtain atomic column contrast from the individual
phases. By understanding the lattice correspondence of
ȕZLWKGLႇHUHQWYDULDQWVRIȦLQGLႇHUHQWFU\VWDOORJUDSKLF
GLUHFWLRQV WKH LGHQWL¿FDWLRQ RI UHÀHFWLRQV IURP HDFK
SKDVHLVSRVVLEOH)RUH[DPSOHLQWKHGLUHFWLRQRI>@ȕ
WKHRPHJDYDULDQWVDUHLQWKHGLUHFWLRQ>ƯƯ@DQGRWKHU
WZR DUH LQ Ư! +HQFH E\ ¿OWHULQJ WKH GLႇUDFWLRQ
SDWWHUQFRUUHVSRQGLQJWRRQHRIWKHȦYDULDQWVLQ>ƯƯ@
GLUHFWLRQ )LJXUHE DQGLQYHUVH)RXULHU¿OWHULQJJLYHV
WKHDWRPLFFROXPQFRQWUDVWRIȦDORQHZKLFKLVLQWKH
area where only a fuzzy contrast was seen originally.
)LJXUH F VKRZV WKH DWRPLF FROXPQ FRQWUDVW RI Ȧ
HPEHGGHGLQȕPDWUL[7KHDWRPVLQWKHXQGLVSODFHG
[222] planes show higher intensity than partially
collapsed ones.
$IWHU LVRWKHUPDO DJLQJ WKH Ȧ SUHFLSLWDWHV DUH
coarsened in size to 50-80 nm. The phase contrast
LPDJH \LHOGV DWRPLF FROXPQ FRQWUDVW RI Ȧ SKDVH
clearly, since the particle size is nearly equal to the
sample thickness. For further improved contrast, the
)RXULHU ¿OWHULQJ FDQ EH DSSOLHG WR UHGXFH WKH HႇHFWV
RI GLႇXVH VFDWWHULQJ DV LV VKRZQ LQ )LJXUH G 7KLV
typical contrast shows completely collapsed [222]
SODQHVDQGWKHXQLWFHOORIȦLVPDUNHGLQWKH¿JXUH.
Thus phase contrast image establishes evidence of
the completeness of collapse of [222] planes in
LVRWKHUPDOȦ

Fig. 1 D 3RZHUVSHFWUXPRISKDVHFRQWUDVWLPDJHUHIOHFWLRQVIURPPDWUL[ȕDQGYDULDQWVRIȦDUHSUHVHQW7KHȕUHIOHFWLRQV
DQGDUHPDUNHG E ILOWHUHGUHIOHFWLRQVIURPVLQJOHYDULDQWRIȦLVVKRZQZKHUHVRPHRIWKHȕVSRWV
RYHUODS F WKH)RXULHUILOWHUHGLPDJHRIDWKHUPDOȦZLWKXQLWFHOOVRIȕDQGȦPDUNHG7KHDWRPLFFROXPQFRQWUDVW
FRUUHVSRQGLQJWRDWKHUPDOȦLVVHHQLQUHJLRQPDUNHGE\HOOLSVHDQG G WKHDWRPLFFROXPQFRQWUDVWRILVRWKHUPDOȦ
LQWKHERXQGDU\UHJLRQZLWKȕDQQRWDWHGZLWKXQLWFHOORIȦ
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V.25

Ab-initio Study of Lattice Stability
DQG7KHUPDO3URSHUWLHVRIį8=U2

U

-Zr based alloys are the prospective metallic
fuels for future fast reactors as they have higher
breeding ratio, higher thermal conductivity and harder
neutron spectrum. Fuels in the reactor undergo several
transformations like phase changes, void formation and
UHVWUXFWXULQJ,WLVQHFHVVDU\WRXQGHUVWDQGWKHYDULRXV
SKDVHVSUHVHQWDVZHOODVWKHLUSURSHUWLHVDWGLႇHUHQW
HQYLURQPHQWVIRUGHVLJQLQJWKHIXHOį8=U2 is found to
be the only stable intermetallic phase in U-Zr phase
diagram. First principles calculations (FPC) are useful
LQ WKH VWXG\ RI  GLႇHUHQW SURSHUWLHV RI WKHVH V\VWHPV
$OWKRXJKPDQ\)3&VRI8H[LVWLQOLWHUature, calculations
IRU8=UV\VWHPDUHUDUH+HQFHDGHWDLOHG¿UVWSULQFLSOHV
study of lattice stability and thermal properties of UZr2
was carried out. The calculaions were performed using
WKHGHQVLW\IXQFWLRQDOWKHRU\ ')7 EDVHG9LHQQDDE
LQLWLR 6LPXODWLRQ SDFNDJH 9$63  į8=U2 exhibit the
$O%2W\SHVWUXFWXUHZLWK$OW\SHVLWHV  RFFXSLHG
E\=UDQG%W\SHVLWHV  DQG  
by U and Zr randomly. The disordered structure can be
represented by a special quasi random structure (SQS)
which minimize the correlations at type B sites. We have
XVHGDDWRP646IRURXUVWXG\:H¿QGIURPRXU
calculations that the disordered structure is energetically
more stable (favourable).
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phonon spectrum of the ideal structure whereas SQS
showed no negative phonon frequencies. This provides
additional evidence that SQS structure is stable while
LGHDOVWUXFWXUHLVXQVWDEOH:HIXUWKHUFRQ¿UPWKDWHYHQ
WKRXJKWKHLGHDOVWUXFWXUHVDWLV¿HVWKH%RUQVWDELOLW\
criteria, it is dynamically unstable. Thus the SQS is both
elastically and dynamically stable and the disorder of
B type site plays a crucial role in the lattice stability of
į8=U2.

,QRUGHUWRIXUWKHUH[DPLQHWKHVWDELOLW\HODVWLFFRQVWDQWV
and phonon dispersions are computed using the density
functional perturbation theory (DFPT). Elastic constants
are found to meet the Born stability criteria for both the
ideal structure and SQS. Figure 1 shows the phonon
GLVSHUVLRQIRU646DQGWKHLGHDO$O%2 structure. Negative
frequency (unstable) phonon modes are found in the

We have further calculated the thermal expansion
FRHႈFLHQW EXON PRGXOXV DQG VSHFL¿F KHDW DV D
function of temperature within the quasi harmonic
DSSUR[LPDWLRQ 4+$ 3KRQRQVSHFWUXPLVFRPSXWHG
at various volumes and the corresponding free
HQHUJ\ LV REWDLQHG DW GLႇHUHQW WHPSHUDWXUHV
0LQLPLVLQJ WKH +HOPROW] IUHH HQHUJ\ DW GLႇHUHQW
temperatures as a function of volume, the equilibrium
YROXPH DW GLႇHUHQW WHPSHUDWXUHV LV REWDLQHG  7KH
HTXLOLEULXP YROXPH DW  GLႇHUHQW WHPSHUDWXUHV
is used to calculate the
thermal expansion
FRHႈFLHQW&DOFXODWHGWKHUPDOH[SDQVLRQFRHႈFLHQW
lies in between that of alpha-U and alpha-Zr
and match closely with the experimental data as
shown in Figure 2. The underprediction of the
WKHUPDOH[SDQVLRQFRHႈFLHQWRIRXUFDFXODWLRQVFDQ
be attributed to ignoring anharmonic contributions to
the crystal free energy. Fitting the Birch-Murnagan
HTXDWLRQRIVWDWHWRIUHHHQHUJ\YVYROXPHDWGLႇHUHQW
temperatures, we obtained the bulk modulus as a
function of temperature and the value at 0 K is found
WREH*3D,QVXPPDU\ZHKDYHXVHGWKH)3&
WRVWXG\WKHWKHUPRG\QDPLFSURSHUWLHVRIį8=U2.

Fig. 1 Phonon density of states of ideal AlB2 structure and
SQS

Fig. 2 Comparison of the calculated thermal expansion
coefficient with experimental data
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,

Orientation Dependent Deformation Behaviour
of BCC Iron Nanowires

n this work, we use molecular dynamics simulations to
understand the orientation dependence of deformation
behaviour in body-centered cubic (BCC) Fe nanowires
under tensile and compressive loading conditions. BCC
nanowires with initial orientations <100>, <110>, <111>,
<112> and <102> were considered in the present study.
Molecular dynamics simulations were performed in
ODUJHVFDOHDWRPLFPROHFXODUPDVVLYHO\SDUDOOHOVLPXODWRU
/$0036 SDFNDJHHPSOR\LQJHPEHGGHGDWRPPHWKRG
($0  SRWHQWLDO IRU %&& )H JLYHQ E\ 0HQGHOHY DQG
FRZRUNHUV$WRP(\HSDFNDJHLVXVHGIRUYLVXDOL]DWLRQ
of atomic snapshots. The nanowire had a width of 8.5 nm
with 2:1 aspect ratio and contained about 110000 atoms.
The stable structure thus obtained is thermally equilibrated
to a temperature of 10 K in canonical ensemble. The
molecular dynamics simulation results showed that the
single crystal deformation mechanisms vary with crystal
orientation. Under tensile loading, the nanowires with
initial orientations of <100>, <112> and <102> deformed
SUHGRPLQDQWO\ E\ WZLQQLQJ PHFKDQLVP RQ !^`
system, whereas <110> and <111> oriented nanowires
GHIRUPHG E\ GLVORFDWLRQ VOLS PHFKDQLVP )LJXUH  $
good agreement between the operative deformation
mechanisms with respect to BCC nanowire orientation
and those reported for the bulk single crystal counterparts
based on experimental results was observed.

(a)

The occurrence of twinning in <1 0 0>, <1 1 2> and
<1 0 2> oriented nanowires and its absence in <1 1 0>
and <1 1 1> orientations is similar to their bulk single
crystal counterparts. Further, the nanowires with <100>
and <110> orientations displayed opposite tensioncompression asymmetry in deformation mechanisms.
Under compressive loading, the nanowire with <100>
orientation deformed by dislocation slip, while twinning
was observed in <110> orientation (Figure 1). The
deformation by twinning in BCC Fe nanowires has
led to reorientation within the twinned region. The
orientation dependent deformation behaviour in BCC
Fe nanowires has been explained by the twinningDQWLWZLQQLQJDV\PPHWU\RI!SDUWLDOGLVORFDWLRQV
RQ^`SODQHV%\GH¿QLQJFto be the angle between
^`SODQHDQGPD[LPXPUHVROYHGVKHDUVWUHVVSODQH
(MRSSP), a boundary seperating the orientations
showing twinning and anti-twinning can be drawn in
a standard stereographic triangle under tension and
FRPSUHVVLRQ )LJXUH $VLPSOHWZLQQXFOHDWLRQDQG
JURZWK PRGHO UHODWHG WR WKH QXFOHDWLRQ RI !
partial dislocation along with the intrinsic stacking fault
RQ  ^`  DQG LWV SURSDJDWLRQ DORQJ WKDW  SODQH KDV
been derived and proposed successfully based on the
present observations.

(b)

Fig. 1 Orientation dependent deformation behaviour of BCC Fe nanowires under (a) tensile and (b) compressive loading
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V.27

(ႇHFWRI+\GURSKLOLF6LOLFD1DQRSDUWLFOHV
RQWKH0DJQHWRUKHRORJLFDO3URSHUWLHVRI)HUURÀXLGV
A Study using Opto-magnetorheometer

F

HUURÀXLGV ZKLFK DUH VXVSHQVLRQV RI IHUUR RU
ferrimagnetic nano particles of sizes ranging
IURP  WR  QP LQ VXLWDEOH FDUULHU ÀXLGV DUH XQLTXH
materials that exhibit simultaneous liquid and magnetic
properties in the presence of an external magnetic
¿HOG7KH\XQGHUJRWUDQVLWLRQIURPDSXUHO\OLTXLGVWDWH
WRDYLVFRHODVWLFVROLGVWDWHXQGHUDPDJQHWLF¿HOG7KH
PDJQHWRUKHRORJ\RIHUURÀXLGVDUHLQÀXHQFHGE\VHYHUDO
factors such as volume fraction, magnetization of the
SDUWLFOH PDJQHWLF ¿HOG VKHDU IRUFH VXUIDFWDQWV DQG
additives, etc. Some additives give rise to interesting
rheological properties useful for practical applications.
)RUPDQ\WHFKQRORJLFDODSSOLFDWLRQVRIIHUURÀXLGVWKH
magnetorheological properties require being precisely
FRQWUROOHG 7KH HႇHFW RI K\GURSKLOLF VLOLFD RQ WKH
PDJQHWRUKHRORJ\ RI DQ RLOEDVHG IHUURÀXLG FRQWDLQLQJ
Fe3O4 nanoparticles of size QP LV VWXGLHG ,W LV
observed that the presence of silica nanoparticles
lowers the yield stresses, viscoelastic moduli, and
VKHDUWKLQQLQJEHKDYLRURIWKHIHUURÀXLGEHFDXVHRIWKH
weakening of dipolar interactions, which was evident
from the observed lower yield stresses exponent (<2).
7KH IHUURÀXLG FRQWDLQLQJ VLOLFD H[KLELWV D GRPLQDQW

elastic behavior, a reduced hysteresis during the
IRUZDUG DQG UHYHUVH PDJQHWLF ¿HOG VZHHSV DQG D
longer linear viscoelastic regime under nonlinear
deformation. The Mason number plots at low shear
UDWHV DQG PDJQHWLF ¿HOGV VKRZ GHYLDWLRQV IURP WKH
master curve in the presence of silica. The magnetic
¿HOG LQGXFHG PLFURVWUXFWXUHV YLVXDOL]HG XVLQJ RSWR
magnetorheometer, showed columnar aggregate
VWUXFWXUHV DORQJ WKH ¿HOG GLUHFWLRQV ZKLFK DUH
UHRULHQWHGDORQJWKHVKHDUÀRZGLUHFWLRQDWKLJKVKHDU
rates. The image analysis shows that the average
WKLFNQHVVRIWKHFROXPQDUDJJUHJDWHVLQSXUHIHUURÀXLG
is much larger than that of the mixed system, which
suggests that the intervening silica matrix hampers the
]LSSHULQJWUDQVLWLRQRIFROXPQVDWKLJKHUPDJQHWLF¿HOG
and shear rates. Our results suggest that optimization
RI UKHRORJLFDO SURSHUWLHV RI IHUURÀXLGV LV SRVVLEOH E\
carefully adding suitable silica nanoparticles, which
PD\¿QGSUDFWLFDODSSOLFDWLRQVVXFKDVG\QDPLFVHDOV
KHDWWUDQVIHUVHQVRUVDQGRSWRÀXLGLFGHYLFHVHWF
)LJXUH  VKRZV WKH PDJQHWLF ¿HOG VZHHS IRU D  ))
and (b) FF-silica at shear rates of 0.01, 0.1, 1, 10,
and 100 sí. Based on the opto-rheological data, the
schematic of the microstructure of hydrophilic silica
nanoparticles in (a) polar and (b) nonpolar solvent,
of magnetic nanoparticles (c) in the absence and (d)
LQ WKH SUHVHQFH RI PDJQHWLF ¿HOG DQG RI PDJQHWLF
nanoparticles within a silica network (e) in the absence
DQG I LQWKHSUHVHQFHRIPDJQHWLF¿HOGDUHVKRZQLQ
Figure 2.

(a)

(b)
Fig. 1 Magneticfield sweep for (a) FF and (b) FF-silica at
shear rates of 0.01, 0.1, 1, 10, and 100 sí
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 2 Schematic of the microstructure of hydrophilic silica
nanoparticles in (a) polar and (b) nonpolar solvent, of
magnetic nanoparticles (c) in the absence and
(d) in the presence of magnetic field, and of magnetic
nanoparticles within a silica network (e) in the
absence and (f) in the presence of magnetic field
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7KLFNQHVV&RQWUROOHG3UR[LPLW\(ႇHFWV
in C-Type Antiferromagnet/Superconductor
Heterostructure

T

he discovery of colossal magnetoresistance
(CMR) materials and its compatibility with high-Tc
superconductors (HTS) to form good heterostructures
has further intensified the research in the area
of proximity effect. ,Q JHQHUDO VXSHUFRQGXFWLYLW\
is incompatible with ferromagnetism due to the
H[FKDQJH ¿HOG LQGXFHG EUHDNLQJ XS RI FRRSHU SDLUV
However, the strength of exchange interaction could
be modulated in thin film forms, which could be
suitably exploited in tailoring of critical parameters of
superconductors for technological applications. ,W LV
known that Nd0.35Sr0.65MnO3 (NSMO) exhibits C-type
antiferromagnetism below Néel temperature (TN ~270 K)
with spins being aligned ferromagnetically along the
c-direction but antiferromagnetically coupled within
WKHDESODQH,QWHUHVWLQJO\LWWUDQVIRUPVWRDFDQWHG
ferromagnetic phase at around 50 K via the action of the
mobile electron hopping. The thickness of NSMO is used
to tune the superconducting parameters of <%&2 such
as transition temperature Tc, in-plane coherence length
[abDQGXSSHUFULWLFDO¿HOG+c2. Unexpectedly, a colossal
magnetoresistance was observed at superconducting
VWDWHLQ<%&21602ZKHQ1602UHDFKHGQP
which involves a competition between the exchange
HQHUJ\ DQG FRQGHQVDWLRQ HQHUJ\ RI FRRSHU SDLUV $
EULHIDFFRXQWRIWKHLPSRUWDQW¿QGLQJVRIWKHSUHVHQW
ZRUNSHUIRUPHGRQ<%&21602KHWHURVWUXFWXUHVZLWK
the thickness (t) of top NSMO layer with t = 40,80,160
and 200 nm (denotedDV<1<1<1DQG<120)
GHSRVLWHGRYHU<%&2OD\HURI¿[HGWKLFNQHVV QP 
is given here.
The temperature dependent resistivity U(T) under various
¿HOGV+IURP]HURWR7HVODLV plotted in Figures 1a to 1c
for <1<1DQG<120 respectively. Tc, T&$) and Tr
express the temperature of superconducting transition,
spin canting and superconductivity re-entrance
respectively as marked with arrows. The normal state
resistivity of heterostructure samples at 250 K is around

Tc
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200

Tc

Tc (K)

1.5

,W LV QRWLFHG WKDW WKH EHKDYLRU RI ILHOG GHSHQGHQW
resistivity below the canting transition (T&$)) changes
when t increases from 160 to 200 nm as shown in
Figures 1b and 1c. Magneto-resistivity (MR) below
T&$) LQFUHDVHV ZLWK LQFUHDVLQJ ¿HOG IRU WKH VDPSOHV
with t dQPZKLFKFRXOGEHDWWULEXWHGWRWKH¿HOG
enhanced vortex dissipation; while resistivity decreases
GUDPDWLFDOO\ DERXW   IRU W   QP <1  VHH
LQVHW RI )LJXUH D  &RQVLGHULQJ WKH <%&21602
heterostructure is a system where the superconducting
temperature Tc (~90 K) is higher than the temperature
of canting state (~40K), the minimum energy of system
may correspond to a superconducting state with a
modulated magnetic structure. The exchange energy
increases with increasing the thickness (t) of NSMO.
WKHQWLVLQFUHDVHGXSWRQPWKHH[FKDQJH¿HOG
of the canted state prohibits superconducting pairing,
leading to a negative CMR. The new observation of
switching from the superconducting to the CMR state
LQ<%&21602PD\RSHQXSDQHZURXWHWRFRQWURO
oxide superconducting devices.

YN16

YN08

2.0
MR (%)

U (m: - cm)

2.5

2.5 m:FP IRU DOO KHWHURVWUXFWXUH ¿OPV LPSO\LQJ WKH
carrier concentration does not change much with varying
W7KH ¿QLWH UHVLVWLYLW\ DW FDQWLQJ VWDWH LQFUHDVHV ZLWK
increasing thickness, indicating the enhancement of
YRUWH[GLVVLSDWLRQZLWKLQFUHDVLQJH[FKDQJH¿HOG7KH
Tc of all the samples decreases linearly with increasing
H. The suppression rate (dTc G+ changes from -1.2 to
.7esla with t increasing from 40 to 200 nm. The
analysis of these measurements enable us to deduce
XSSHUFULWLFDO¿HOG Hc2 (0) along c-direction and in plane
coherence length [abRI<%&2E\XVLQJ:++WKHRU\
The values of Hc2,c (0) = 78 Tesla and [ab = c are
obtained for pure <%&2¿OP Hc2 (0) decreases, while
[ab increases with increasing NSMO thickness t. The Tc
and Tr decrease rapidly with increasing t. The severe
suppression of TcVXJJHVWVWKDWWKHHႇHFWRIH[FKDQJH
¿HOGRI1602RQVXSHUFRQGXFWLYLW\LVVLJQL¿FDQWHYHQ
NSMO is antiferromagnetic.

80
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Fig. 1 (a) - (c) Temperature dependent resistivity U(T) at various fields H and the inset in Figure 1a plots MR vs H for
YN08, YN16 and YN20 respectively. Arrows indicate the positions of Tr, TCAF, and Tc. The inset of Figure 1c
exhibits Tc versus H for all the four samples
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Thermal Expansion and Structural Stability
of Dy6UO12 at Elevated Pressures

120
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(Nacl)
(214)
(410)

High pressure x-ray difraction (HPXRD) on Dy6UO12 is
FDUULHGRXWXSWR*3D7KHVWUXFWXUHLVIRXQGWREH
VWDEOHXSWRWKHKLJKHVWSUHVVXUHVWXGLHG$QDO\VLVRI
high pressure x-ray difraction data shows that lattice
parameters decreases in a linear fashion with pressure.
However, c axis contracts more compared to a axis in
contrast to what has been reported in high temperature

11.3 GPa

(300)
(Nacl)
(122)
(113)

Dysprosium uranate (Dy6UO12) is prepared by citrate
gel combustion method. The prepared sample is
characterized using synchrotron source and found to be in
VLQJOHSKDVH+LJK3UHVVXUH;UD\GLႇUDFWLRQH[SHULPHQW
on the polycrystalline sample of Dy6UO12 is carried
RXWXVLQJD0DR%HOOW\SHGLDPRQGDQYLOFHOO '$& DW
,1'86V\QFKURWURQEHDPOLQH55&$7,QGRUH+LJK
pressure and high pressure-high temperature laboratory
EDVHG;UD\GLႇUDFWLRQVWXGLHVKDYHEHHQFDUULHGRXW
using micro focus X-ray generator. The measured
):+0RIWKHIRFXVHGEHDPLVPDQGWKHÀX[LV
~15.5*10 6  SKRWRQV DW  N9 DQG P$ 7KH
high flux at such low operating power is due to
the focusing geometry of the multi-layer optics.
Membrane diamond anvil cell used for generating
simultaneously high pressure and temperature.
Membrane diamond anvil cell is designed to achieve
*3DDQG.VLPXOWDQHRXVO\

High pressure and high pressure-high temperature
;UD\GLႇUDFWLRQVWXG\RQ'\6UO12 is carried out up to
*3DDQG. )LJXUH 7KH;UD\GLႇUDFWLRQ
patterns obtained up to the highest pressure and
temperature studied, clearly indicates the crystal
structure to be stable at these extreme conditions.
9ROXPH H[SDQVLRQ RI a  ZDV REVHUYHG LQ WKH
temperature interval of 293 to 473 K at ambient
SUHVVXUH 7KHUPDO H[SDQVLRQ FRHႈFLHQW LV IRXQG WR
be 14.5x10-6 K-1 at ambient pressure. However, at
 DQG  *3D WKH WKHUPDO H[SDQVLRQ FRHIILFLHQW
increases to 21.4x10-6 and 32x10-6 K-1 respectively in
the temperature interval of ~ 293-673 K.

(Nacl)

,QVLWXKLJKSUHVVXUHDQGKLJKSUHVVXUHKLJKWHPSHUDWXUH
(HP-HT) study have been carried out on Dy6UO12 to
study the structural stability of dysprosium uranate
as a function of pressure and temperature. Structural
stability studies of these oxides, at extreme conditions,
are of importance as these are formed in the nuclear
reactor. These sort of studies have not been reported
in the literature so far for any of the RE-U-O systems.

X-ray difraction studies. This can be understood from
the polyhedral representation of crystal structure of
Dy6UO12 (two UO6 polyhedra separated by two DyO6
polyhedra along the c axis). DyO6 polyhedra share
edges whereas UO6 and DyO6 polyhedra are linked
at the corner. Corner sharing is considered to be more
stable compared to the edge sharing by Pauling’s rule
for ionic structures leading to the observed trends in the
lattice parameter variation as a function of pressure.
Bulk modulus and its derivative is estimated from
the pressure volume relationship and is found to be
*3DDQGUHVSHFWLYHO\$ERYH*3DEURDGHQLQJ
of almost all the peaks is observed indicating onset of
disorder in the system above this pressure.

(003)
(211)

E-U-O (RE=Rare earth) are likely compounds
that form during UO2 irradiation in nuclear reactor
as a result of the fuel-fission product interaction.
Dy6UO12 is a potential neutron absorber which can be
useful in controlling nuclear reactivity. Dy6UO12 has
rhombohedral unit cell with 3 formula unit i.e. 57 atoms.
The earlier high temperature studies shows positive
WKHUPDOH[SDQVLRQFRHႈFLHQWIRUDOO5(6UO12 (RE: La,
*G1G6P7EDQG'\ 7KHODWWLFHWKHUPDOH[SDQVLRQ
FRHႈFLHQWVLQFUHDVHZLWKLQFUHDVLQJWHPSHUDWXUHDQG
expansion is more along the a-axis compared to the
c-axis which is attributed to lesser density of atoms
along the aD[LV$OVRWKHKHDWFDSDFLW\PHDVXUHPHQWV
are reported and is seen that heat capacity values
increase with increasing temperature.

(012)
(021)

R

Intensity (arbitrary units)

V.29

20
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24

2-Theta (degree)
Fig. 1 The diffraction patterns at highest temperature
(~673 K) and different pressures
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Polarization and Strain Coupling
in Disordered Ferroelectrics

L

The origin of the complex dielectric behavior is attributed
to the nucleation and growth of the so called polar
nanoregions (PNRs), which are nanometer-scale
regions having local, randomly oriented ferroelectric
polarizations. PNRs begin to appear at very high
temperature known as Burns temperature TB well above
the temperature of dielectric maximum Tm.
,Q3EEDVHGUHOD[RUV\VWHPVWKHDQRPDORXVEHKDYLRURI
acoustic phonon modes have been studied extensively
WKURXJK%ULOORXLQOLJKWVFDWWHULQJVWXGLHV,QWKHVHV\VWHPV
acoustic phonon begins to exhibit anomalous behavior
around TB. The observed anomalous behavior is found
to be strongly correlated with the temperature evolution
of dynamics of PNRs. Three important temperatures are
associated with the temperature evolution of PNRs: TB,
T* (local condensation temperature) and Tf (freezing
temperature). T* has been suggested as the onset
temperature of the development of strong correlations
between the local polarization and strain in PNRs.
Existence of this temperature, T* so far was revealed
by the Raman scattering and acoustic emission studies.
,QWKHSUHVHQWVWXG\WKHFRQGHQVDWLRQWHPSHUDWXUHT*
ZDV REWDLQHG IURP WKH VLPSOH PHDQ ¿HOG DQDO\VLV RI
the anomalous behavior of the elastic constant of the
prototype relaxor Pb(MgNb)O3 (PMN).
6LQJOH FU\VWDO RI 301 ZDV JURZQ E\ ÀX[ PHWKRG
Brillouin light scattering measurement was carried
out on (100) plane of the crystal in back-scattering
geometry using a high contrast 3+3 pass Sandercock
WDQGHP )DEU\3HURW LQWHUIHURPHWHU $ GLRGH SXPSHG
VROLGVWDWHODVHU ,QQROLJKW'LDEROR RIZDYHOHQJWK
532 nm was used as an excitation source.
Measurements were carried out in the FSR range of
*+]LQWKHWHPSHUDWXUHUDQJHRI±.XVLQJ
/LQNDP )7,5 VWDJHZLWKWHPSHUDWXUHVWDELOL]DWLRQ
of ± 0.1 K.

Intensity (A.U.)
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Fig. 1 Brillouin spectra of PMN at some selected temperatures

The typical Brillouin spectra of PMN at some elected
temperature is shown in Figure 1. The spectra
display the Brillouin doublet of longitudinal acoustic
phonon mode. The temperature dependence of the
corresponding elastic constant C11 and the attenuation
Į LV JLYHQ LQ )LJXUH  C11 exhibits a broad minimum
IROORZHG E\ D EURDG PD[LPXP LQ Į LQ WKH UHJLRQ RI
Tm .,QRUGHUWRLQYHVWLJDWHWKHFRXSOLQJEHWZHHQ
WKHSRODUL]DWLRQDQGVWUDLQDPHDQ¿HOGPRGHOLVXVHG
,Q WKLV PRGHO WKH WHPSHUDWXUH GHSHQGHQFH RI WKH
elastic constant C11 is given by

7KH ¿UVW WZR WHUPV RI WKH HTXDWLRQ FRUUHVSRQG to
the normal anharmonic behavior and the third term

180

Elastic Constant (C11) GPa

ead-based disordered ferroelectrics, also called
relaxors, are special class of ferroelectric materials
that show unusual and complex physical behavior.
Relaxors are characterized by the strong dielectric
dispersion over a wide frequency range around and
below Tm, the temperature of dielectric maximum with
no macroscopic structural phase transition. The unusual
dielectric response of these materials is generally
understood to be the manifestation of anomalies of
relaxation processes over a broad temperature and
frequency ranges.
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Fig. 2 Temperature dependence of the elastic constant C11
DQGDWWHQXDWLRQĮRI301
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describes the critical softening due to the critical
ÀXFWXDWLRQVRIWKHSRODUL]DWLRQRI315V

7KHUHVXOWRIWKH¿WWLQJIRU301LVVKRZQLQ)LJXUH
7KH PHDQ ¿HOG PRGHO LV LQ JRRG DJUHHPHQW ZLWK WKH
experimental C11 above the temperature around
To+40K. Below this temperature, the elastic constant
C11 VKRZV D PDUNHG GHYLDWLRQ IURP WKH PHDQ ¿HOG
model and exhibit reduced softening. The attenuation
also begin to rise precisely at the temperature where C11
GHYLDWHVIURPWKHPHDQ¿HOGPRGHO7KHWHPSHUDWXUHDW
which C11 begins to show reduced softening can in fact
EHFOHDUO\LGHQWL¿HGZLWKWKHFKDUDFWHULVWLFLQWHUPHGLDWH
temperature T*. The characteristic temperature T*
obtained for PMN in this study is 523K. The T* obtained
in the present study falls well within the range 500 ±
30K predicted for all Pb based relaxors.
The reduced softening of C11 followed by the increasing
attenuation below T* clearly indicates the appearance
RIWKHDGGLWLRQDOVWUDLQLQWKHFU\VWDO,QWKHFDVHRI3E
based relaxors, this excess strain 'S arises from the
electrostrictive coupling between the polarization and
strain and is expressed as ,

where Q11 and Q12DUHWKHHOHFWURVWULFWLRQFRHႈFLHQWV
7KHPHDQ¿HOGPRGHOGRHVQRWFRQVLGHUWKHFRQWULEXWLRQ
from the electrostriction Q to the elastic constant C11.
The phonon frequency and damping of the longitudinal
acoustic phonon inclusive of electrostriction Q can be
estimated using Kubo’s formalism. The result of Kubo’s
IRUPDOLVPLVWKDWWKHSRODUL]DWLRQÀXFWXDWLRQVGP contain
two components with very distinct dynamics,

GPd is the usual quasi-dynamic part corresponding to
third term of the equation, while GPs are much slower
ÀXFWXDWLRQV TXDVLVWDWLF ZLWKORQJUDQJHFRUUHODWLRQV
present at the temperature below the quasi-dynamic
region. The quasi-static part GPs corresponds to the
H[LVWHQFHRI(GZDUGV$QGHUVRQRUGHUSDUDPHWHU
122

T*
180
Elastic Constant C11(GPa)

The critical exponent p is predicted to be 0.5 for threeGLPHQVLRQDO '  ÀXFWXDWLRQV  IRU ' ÀXFWXDWLRQV
DQGIRU'ÀXFWXDWLRQV$V315VEHJLQWRDSSHDU
well above Tm, the temperature dependence of C11
ZDV¿WWHGZLWKWKHDERYHHTXDWLRQIRUWKHWHPSHUDWXUH
higher than Tm. Since the structure of both PMN is
FXELF WKHUH FDQ EH QR DQLVRWURS\ LQ WKH ÀXFWXDWLRQ
RI WKH RUGHU SDUDPHWHU 7KHUHIRUH GXULQJ ¿WWLQJ WKH
critical exponent p ZDV ¿[HG DW  DQG DOO WKH RWKHU
parameters were allowed to vary. To obtained from the
¿WWLQJZDV.
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Fig. 3 Fit of the experimental C11 (open circles) with mean
field model (solid line) of PMN

where V is the volume over which long range
correlations exist. The elastic constant changes 'C
involving the quasi-static order parameter qEA can be
written as

where F is the low frequency dielectric susceptibility and
Ns is the imaginary part of the low frequency dielectric
susceptibility.
The direct determination of qEA by 93Nb NMR for PMN
in general shows a strong increase with decrease
in temperature below T*. The deviation of the elastic
constant C11 IURPWKHPHDQ¿HOGEHKDYLRUEHORZT* is
therefore evidently connected with the appearance of
the additional contribution 'Cs due to the development
RI TXDVLVWDWLF SRODUL]DWLRQ ZLWKLQ 315 ,W LV WKHUHIRUH
the strong coupling between the polarization and
the strain below T* that results in the appearance of
additional strain and hence the reduced softening of
the elastic constant C11 and the increased attenuation.
,QFRQMXQFWLRQWKHUHSRUWHG5DPDQVFDWWHULQJDFRXVWLF
emission and NMR studies, present Brillouin scattering
results also confirms the condensation of dynamic
clusters into quasi-static PNRs: it is the formation of
these quasi-static PNRs that results in the observed
reduced softening of the elastic constant C11 and in the
increased attenuation below T*.

BASIC RESEARCH

Low Temperature Raman Studies
on Yttrium Substituted GdMnO3:
Observation of Spin-phonon Coupling

M

aterials exhibiting more than one ferroic
property, (magnetic, electric and strain) are
FDOOHG PXOWLIHUURLF PDWHULDOV$PRQJ WKHVH PDWHULDOV
possessing simultaneous electric and magnetic order
with a strong coupling between them are of special
interest as they promise exciting application, especially
control of magnetic property on application of external
HOHFWULF¿HOG

7KHVH PDWHULDOV DUH EURDGO\ FODVVL¿HG DV W\SH , DQG
W\SH,,PXOWLIHUURLFVEDVHGRQWKHLUHOHFWULFDQGPDJQHWLF
FRXSOLQJ VWUHQJWK 7\SH , PXOWLIHUURLF V\VWHPV KDYH
GLႇHUHQWRULJLQIRUWKHLUHOHFWULFDQGPDJQHWLFRUGHULQJ
and the coupling between them is weak. These systems
DOVRKDYHDODUJHGLႇHUHQFHLQWKHLUHOHFWULFDQGPDJQHWLF
ordering temperatures. BiFeO3 and BiMnO3 belongs
WR WKLV FDWHJRU\ 2Q WKH RWKHU KDQG W\SH ,, V\VWHPV
have strong coupling between their ferroic orders.
,QWHUHVWLQJO\IHUURHOHFWULFRUGHULQJLQWKLVV\VWHPLVQRW
by structural symmetry changes as seen in conventional
ferroelectric system but by magnetic transition leading
to spontaneous polarization. TbMnO3 is the best studied
W\SH ,, PXOWLIHUURLF V\VWHP %HFDXVH RI WKH FRXSOLQJ
between the ferroic properties, polarization direction
can be changed by changing the direction of the applied
PDJQHWLF¿HOG
RMnO3 with orthorhombic Perovskite structure have
the attribute that their crystal structure and hence their
magnetic structure can be changed by varying the rare
earth ionic radius. This tunability gives the advantage of
inducing multiferroic property even in those which are
otherwise non multiferroic RMnO3 systems. For RMnO3
systems to show multiferroic property they should
have long wavelength modulated magnetic structure
incommensurate with that of crystal lattice. This happens
only over a narrow window range of rare earth ionic
radius (Tb-Dy). For few others this can be brought in by
substituting at the R site with suitable ionic radii of the
rare earth element. Towards this we have substituted
<WWULXP < DW*DGROLQLXP *G VLWHLQ*G0Q23 to induce
multiferroic property in its ground state.
The multiferroic property in these systems is attributed
to the spin-lattice coupling where the ferroelectricity
arises due to lattice distortion as explained by inverse
D-M interaction. These magnetic and crystallographic
changes are expected to have strong correlation with

the underlying lattice phonons. The shift in phonon
modes across the magnetic transition has been
attributed to spin-phonon coupling. Presence of spinphonon coupling is one of the necessary but not
VXႈFLHQWFRQGLWLRQVIRUDPDWHULDOWREHPXOWLIHUURLF
Raman spectroscopy has been used to study the
phonon modes from room temperature down till 10 K
LQ*G1-x<xMnO3 (x=0-0.4) to ascertain the presence of
spin-phonon coupling and hence its multiferroic nature.
$QKDUPRQLFLW\ RI WKH ODWWLFH IRUFH FRQVWDQW LV SULPH
factor responsible for shift in phonon frequency with
WHPSHUDWXUH LQ LQVXODWLQJ PDJQHWLF V\VWHPV $Q\
deviation from this variation is attributed to presence of
VSLQSKRQRQFRXSOLQJ$PRQJDOOWKHPRGHVWKH%2g(1)
mode belonging to the in-plane stretching of the oxygen
in the MnO6 octahedra is observed to show maximum
deviation.
7KLV LV VKRZQ LQ )LJXUH  E\ ¿WWLQJ WKH DQKDUPRQLF
contribution as a function of temperature to phonon
shift. The variation of FWHM of the Raman peaks gives
an idea of life time of the relaxation. This has also been
studied as function of temperature and has been shown
to have additional relaxation in the form of spin-phonon
FRXSOLQJ7KHVH VWXGLHV FRQ¿UP WKH SUHVHQFH RI VSLQ
SKRQRQFRXSOLQJDQGKHQFHWKHPXOWLIHUURLFQDWXUHRI<
VXEVWLWXWHG*G0Q23.
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Fig. 1 Variation of B2g(1) mode with temperature. Red
curve shows fitting of anharmonic behaviour
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V.32

Molecular Dynamics Simulation
of Displacement Cascades in Fe-Y-Ti-O System

M

olecular dynamic (MD) is the best tool to
study displacement cascade characteristics at
atomistic length scales and nanosecond time scales.
MD needs accurate interatomic potentials that model
WKHLQWHUDFWLRQVEHWZHHQGLႇHUHQWDWRPLFVSHFLHVDQG
WKXVFRQWUROWKHREVHUYHGG\QDPLFV*RRGLQWHUDWRPLF
SRWHQWLDOVIRU<2TiO5 crystal has been developed and
WKHGLVSODFHPHQWFDVFDGHVLQ)H<2TiO5 bilayers using
the developed potential was studied.
$FRPSRVLWHSRWHQWLDORIWKHIRUP᪀

was used to model the pair wise interactions between
Xi and Xj ionic species (X_i,X_j <7L2 +HUHrij is the
distance between the two nuclei and Aij Uij, Cij are the
Buckingham potential parameters to be obtained from
¿WWLQJ7KHst term models the Pauli repulsion between
electrons, 2nd term models the attractive dipoledipole interactions and the 3rd term is the Coulomb
interaction between Xi and Xj with charges qi and qj.
7KHSDUDPHWHUVRIWKLVIXQFWLRQDUHREWDLQHGE\¿WWLQJ
WRDGDWDEDVHRIDWRPLVWLFFRQ¿JXUDWLRQVWRWDOHQHUJLHV
and crystal properties containing both experimental
DQG¿UVWSULQFLSOHFDOFXODWLRQVGDWD
The elastic constants, shear modulus, bulk modulus,
Poisson’s ratio, 16 structural distortions in lattice
parameters and angles, and vacancy, interstitial and
)UHQNHO GHIHFW IRUPDWLRQ HQHUJLHV  FRQ¿JXUDWLRQV 
ZHUH XVHG IRU WKH ¿WWLQJ 7KH SDUDPHWHUV Aij, Uij and
Cij are obtained for all the ionic combinations. The
potential is then tested for its reproducibility by again
calculating the Frenkel defect formation energies from
MD and tested by calculating the phonon dispersion

and density of states using lattice dynamics. The
calculated phonon dispersion (Figure 1) shows all the
phonon modes to be positive.
The interatomic potential obtained was used along
ZLWK)H($0SRWHQWLDOIRU)H)HDQG0RUVHSRWHQWLDOV
for Fe-Xi interactions to study displacement cascades
LQ )H<2TiO5 bilayer comprising of 313,984 atoms.
7KHFU\VWDOWHPSHUDWXUHLV.$IWHUHTXLOLEUDWLRQ
D)H<7LRU23.$RIHQHUJ\NH9DWDGLVWDQFHRI
RUcIURPWKHLQWHUIDFHLVVWDUWHGWRZDUGVWKH
LQWHUIDFH IURP WKH )H RU <2TiO5 OD\HU IRU  GLႇHUHQW
VLPXODWLRQV IRU HYHU\ 3.$ 7RWDO VLPXODWLRQ WLPH LV
100 picoseconds. The maximum in total number of
displaced atoms is reached at ~0.28 picoseconds for
DOO 3.$V DIWHU ZKLFK WKH GHIHFWV VWDUW UHFRPELQLQJ
The mean square displacement (MSD) of the displaced
atoms rises steeply during the cascade and then, after
~6 picoseconds, saturates at a constant value (Figure 2),
which shows that under the ballistic phase of the
cascade, atoms move vigorously, while by the end of
the cascade, they start settling in equilibrium positions.
,W FDQ EH VHHQ WKDW 7L DWRPV XQGHUJR WKH KLJKHVW
EDOOLVWLF PRYHPHQW ZKLOH WKH < DQG 2 DWRPV PRYH
by approximately the same amount in the ballistic
UHJLPH ,Q VHOILRQ LUUDGLDWLRQ H[SHULPHQWV RQ PRGHO
)H<7L22'6DOOR\VLWLVVHHQWKDW7LGLႇXVHVPRVW
ZKLOH<YLUWXDOO\UHPDLQVVWDWLRQDU\GXULQJLUUDGLDWLRQ
7KHUHVXOWVSRLQWRXWWKDW7LJRHVRXWIURP<7L2PDWUL[
quite early during irradiation. This study represents
the dynamics only in the ballistic motion regime.
The simulations to large time scales using accelerated
molecular dynamics methods to get details of long
WLPHDWRPLFVSHFLHVGLႇXVLRQ
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Fig. 1 Phonon dispersion in the whole Brillouin zone and
the total and atom decomposed density of states
for Y2TiO5 crystal obtained from lattice dynamical
calculations using the developed potential
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Fig. 2 Mean square displacement of displaced atoms in
the ballistic motion regime during the displacement
cascades in the Fe-Y2TiO5 bilayer
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V.33

Defect Evolution in High Entropy Alloys

T

he novel approach to alloy design has paved way to
an entirely new class of alloys called the high entropy
DOOR\V +($V FRQWDLQLQJHOHPHQWVLQQHDUHTXLDWRPLF
SURSRUWLRQV7KHSKUDVH³KLJKHQWURS\´GHULYHVLWVQDPH
from the high entropy of mixing due to the presence
of multiple elements in the alloy thus stabilizing the
system to form a simple disordered FCC, BCC or HCP
VROLG VROXWLRQ UDWKHU WKDQ LQWHUPHWDOOLFV +($V H[KLELW
high mechanical strength, high temperature resistance,
good corrosion and oxidation resistance and therefore
are potential candidates for high temperature structural
DSSOLFDWLRQVLQQXFOHDUUHDFWRUV,WLVRILQWHUHVWWRNQRZ
the phase stability as well as the defect microstructure
in these alloys under both high irradiation doses and
temperature. Positron annihilation spectroscopy is an
XQLTXHGHIHFWFKDUDFWHUL]DWLRQWHFKQLTXH,QSDUWLFXODU
with positron beam, depth resolved defect studies
pertaining to vacancies and voids can be carried out from
near surface up to a depth of a few hundreds of nm. The
SUHVHQWZRUNUHSRUWVIRUWKH¿UVWWLPHWKHHYROXWLRQRIWKH
defect microstructure with thermal annealing in Ni ion
LPSODQWHG 0H9[16LRQVFP2 a96 dpa) FeCrCoNi
DOOR\XVLQJWKHYDULDEOHORZHQHUJ\SRVLWURQEHDP65,0
calculation shows the damage distribution in the range
QPZLWKDSHDNLQJDURXQGQP*ODQFLQJDQJOH
;UD\ GLႇUDFWLRQ PHDVXUHPHQWV UHYHDO WKDW FeCrCoNi
(FCC phase) remains stable under both implantation
and high temperature annealing (1173 K). Figure 1
shows the Doppler S-parameter as a function of positron
beam energy (Ep DWGLႇHUHQWDQQHDOLQg temperatures.
For defect free FeCrCoNi, the S-parameter saturates at
0.49 (Sb EH\RQGNH9)RUWKHDVLPSODQWHGFRQGLWLRQ

WKH6SDUDPHWHUVDWXUDWHVEH\RQGNH9DW 6d)
corresponding to positron annihilation in implantation
LQGXFHG YDFDQF\ GHIHFWV$ QRUPDOL]HG 6SDUDPHWHU
(Sd6b=  RI  FRUUHODWHV ZHOO ZLWK WKDW RI
positrons annihilating from monovacancies in nickel
indicating that the defects are monovacancies. With
increasing temperature, the saturation S-parameter
slowly decreases from 0.542 to 0.49 and the S versus
Ep matches with that of defect free FeCrCoNi beyond
1073 K. The average S-parameter in the peak damage
depth is shown as a function of temperature in Figure 2.
Two distinct recovery stages (Figure 2) are observed,
300-723 K range corresponding to defect recovery
process and 773-973 K range attributed to the formation
of stacking fault tetrahedrons (SFTs).

Fig. 1 S versus Ep curves for 1.5 MeV Ni ion implanted
FeCrCoNi

Fig. 2 Average S-parameter versus temperature

For higher annealing temperatures, SFTs collapse
and vacancies are annealed out completely. Evidence
towards formation of SFTs was obtained from the
stacking fault probability (D) deduced from the relative
positions of (111) and (200) planes with annealing
temperature. Formation of monovacancies in as
implanted condition and aggregation of these defects
with thermal treatment to form stable SFTs is consistent
with Molecular Dynamics simulations in binary alloys
reported earlier. Our work shows that FeCrCoNi is
structurally stable under high irradiation (~100 dpa) and
under high annealing temperatures and also that only
SFT’s are formed and no microvoids are formed in as
implanted condition as well as under thermal annealing.
7KLVPDNHV+($¶VDVSRWHQWLDOVWUXFWXUDOFDQGLGDWHVLQ
nuclear reactors having higher swelling resistance.

125

I G C A N N U A L R E P O R T - 2015

V.34

Quantum Information Investigations
using Entangled States

T

he emergence of quantum cryptography, quantum
teleportation and quantum computation presage
D SDUDGLJP VKLIW LQ WKH ¿HOG RI LQIRUPDWLRQ VFLHQFH
³,QIRUPDWLRQ LV SK\VLFDO´ DQG TXDQWXP VXSHUSRVLWLRQ
and entanglement are fundamental physical resources.
With these resources one can carry out certain tasks
in ways that are superior to classical methods or
even unimaginable without quantum resources. For
example, several commercial solutions for quantum
cryptography or secret encoding of information have been
developed. The teleportation of information without the
physical transfer of the carrier of information has been
demonstrated over couple of hundred kilometres. Several
technological routes are being pursued throughout the
world to develop quantum computers. While both material
objects and electromagnetic radiation are harnessed
for these tasks, light itself is an extraordinarily robust
carrier of information both classically and quantum
PHFKDQLFDOO\,QGHHGPXFKRIPRGHUQFRPPXQLFDWLRQ
relies on fibre optic networks that transfer massive
amounts of data which are optically encoded. Classically,
OLJKW LV GHVFULEHG E\ 0D[ZHOO¶V HTXDWLRQV$W YHU\ ORZ
intensities, the particulate or more accurately the photonic
FKDUDFWHURIOLJKWEHFRPHVPDQLIHVW2QHWKHQ¿QGVWKDW
FODVVLFDOHOHFWURPDJQHWLFWKHRU\LVTXLWHLQDGHTXDWH,I
we consider the polarization of light for example, every
photon could have a linear polarization that is both
horizontal and vertical with respect to a certain direction.
This situation is called quantum superposition. Using
nonlinear crystals, one could generate pairs of photons
(Figure 1) that exhibit non-local correlations such that,
both photons are say, either horizontally (H) or vertically
9 SRODUL]HG3ULRUWRPHDVXUHPHQWWKHSDLURISKRWRQV
exists in a quantum superposition of both possibilities and
so each outcome is equally probable. Nature seems to
SUHFOXGHWKHDVVLJQPHQWRIDGH¿QLWHSRODUL]DWLRQEHIRUH
WKH PHDVXUHPHQW WR WKH SKRWRQV ,W DOVR SURKLELWV D
description for each of the individual photons separately.
8SRQDPHDVXUHPHQWKRZHYHUZHFRXOGJHW++RU99
as the outcome.
So, when the polarization is measured one of the
SKRWRQVLQWKHSDLU+RU9FDQEHREWDLQHG7KHRWKHU
SKRWRQ ZRXOG DXWRPDWLFDOO\ HQG XS EHLQJ GH¿QLWHO\ +
RU 9 UHVSHFWLYHO\ GHSHQGLQJ RQ WKH VWDWH RI WKH ¿UVW
photon. The extraordinary aspect is that this second
photon could be arbitrarily far away from the first
one at the time of measurement and yet, its state is
non-locally and instantaneously altered by the
PHDVXUHPHQW RXWFRPH RQ WKH ¿UVW SKRWRQ$ WKHRU\
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Fig. 1 Lab facility with a SPDC source generated with a
405 nm diode laser

incorporating the assumption that the photons have
GH¿QLWH SRODUL]DWLRQV SULRU WR PHDVXUHPHQW DQG WKDW
instantaneous non-local influence are prohibited is
called an objective local realistic theory. Extensive
experiments show that atomic systems as well as light
can be prepared in states which violate expectations of
objective local realistic theories. Such states are called
HQWDQJOHG VWDWHV ,Q WKH SRODUL]DWLRQ H[DPSOH JLYHQ
earlier, the polarization of the two photons behave this
way and they are said to be in an entangled state. The
¿UVWSKDVHRIDQHZIDFLOLW\IRUWKHJHQHUDWLRQDQGVWXG\
of entangled photons set-up as shown in Figure 2.
7RFRQ¿UPWKDWWKH\DUHVRVWDWLVWLFDOWHVWVJHQHULFDOO\
called Bell’s inequalities were carried out to show that
the results cannot be explained by any local realistic
theories. Quantum Theory however is in exquisite
DJUHHPHQW ZLWK H[SHULPHQWDO GDWD$Q )3*$ EDVHG
four channel coincidence counting unit (a critical
component) has been developed in-house by as a part
of this program.
7KHZRUOGRYHUEDVLFUHVHDUFKLQWKH¿HOGRITXDQWXP
states of light is actively pursued with promising
DSSOLFDWLRQVLQ¿HOGRIPHWURORJ\FRPSXWDWLRQLQIRUPDWLRQ
processing and imaging. These are however early days
and the technological challenges are formidable. With
more advanced facilities we are building, we hope to be
part of these developments.

Fig. 2 First level Lab facility with a SPDC source generated
with a 405 nm diode laser
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V.35

Synchrotron XAS Study
of Spray Pyrolysis Grown N: TiO2 Thin Films

X

,Q D W\SLFDO ;$)6 PHDVXUHPHQW μ(E) vs E is
PHDVXUHG EHWZHHQ H9 EHORZ 3UHHGJH UHJLRQ 
WR  H9 NQRZQ DV SRVW HGJH UHJLRQ  FRQWDLQV
ZKLWH OLQH DQG H[WHQGHG ¿QH VWUXFWXUH  DERYH WKH
absorption edge.(Figure 2). ȝ (  LQ FDVH RI WKLQ ¿OPV
LV PHDVXUHG E\ PHDVXULQJ  WKH ÀXRUHVFHQW [UD\ LH
WKH ;5D\ JHQHUDWHG GXH WR WKH UH¿OOLQJ RI WKH FRUH
KROH ,Q VXFK D FDVH ȝ ( is directly proportional to
,f ,0. ,f was measured E\ D VROLG VWDWH GHWHFWRU DQG ,0
was measured by an ionization chamber, thus
generating ȝ ( . The experimental arrangement for a
ÀXRUHVFHQFH PHDVXUHPHQW LV JLYHQ LQ WKH )LJXUH 
,QWKHSUHVHQWFDVH7L22 and N-doped TiO2WKLQ¿OPV
were synthesized by open atmosphere spray pyrolysis
technique at three temperatures; viz. 400, 450, and
& 7KH ;$6 PHDVXUHPHQWV RI WKH DERYH
V\QWKHVL]HGWKLQ¿OPVZHUHFDUULHGRXWLQÀXRUHVFHQFH
PRGH DW WKH VFDQQLQJ ;$6 EHDPOLQH RI WKH ,QGXV
6\QFKURWURQ 6RXUFH  *H9  P$  7KH ;$6

Fig. 1 Experimental arrangement for a typical fluorescence
measurement

spectra are given in Figure 2.
,Q ;UD\ DEVRUSWLRQ VSHFWURVFRS\ WKH YDULDWLRQ LQ
electron transition probabilities give rise to absorption
VSHFWUD7KHGLSROHVHOHFWLRQUXOHIRU;$6LVǻO 
ǻO   EHLQJ WKH IDYRUHG WUDQVLWLRQ 7KH ZKLWH OLQH
observed above the edge in the present study is
characteristic of anatase phase and can be attributed
to the promotion of a photoelectron to the vacant np
RUELWDORI7LRUWKHDQWLERQGLQJRUELWDOVRI7Lí2V\VWHP
When a system lacks a center of inversion symmetry
the pre-edge features consists of weak dipole
IRUELGGHQVíGWUDQVLWLRQV$QDWDVHKDVGLVWRUWHG7L26
RFWDKHGURQV+HQFHWKUHHSUHHGJHSHDNV $1$2, and
$3DWDQGH9UHVSHFWLYHO\ DUHVHHQ
LQWKHVSHFWUD )LJXUH 7KHSUHHGJHSHDNV$2 and
$3DUHDWWULEXWHGWRWKHVíW2gDQGVíHg transitions
LQWKHRFWDKHGUDO¿HOGUHVSHFWLYHO\
For a detailed analysis of the spectrum, the data in
ȝ(E) is converted to another absorption function F(E)
using the equation;

where E0 is the absorption edge energy, ȝ (E) is the
H[SHULPHQWDOO\ PHDVXUHG ÀXRUHVFHQFH ǻȝ0 (E0) is
the edge step, and ȝ0 (E) is a smooth background
FXUYH WKDW LV ¿W WR WKH GDWD WR UHPRYH H[WUDQHRXV
contributions from absorption due to lower-energy
edges by the atoms of interest, absorption from other
elements, absorption from the ion chamber (used to
1.6
1.4

mWhite line
Extended region

1.2

Normalized P (

UD\$EVRUSWLRQ)LQH6WUXFWXUH ;$)6 VSHFWURVFRS\
is used to study, the local structure around a
selected element in a material,at atomic and molecular
VFDOH,WFDQEHXVHGIRUDOONLQGVRIPDWHULDOVLQFOXGLQJ
FU\VWDOOLQHVHPLFU\VWDOOLQHDPRUSKRXVDQGOLTXLGV,W
is an intrinsically quantum mechanical phenomenon
WKDWLVEDVHGRQWKH;UD\SKRWRHOHFWULFHႇHFWLQZKLFK
an X-ray photon incident on an atom within a sample is
absorbed and liberates an electron from an inner atomic
RUELWDO HJV 7KH³SKRWRHOHFWURQ´ZDYHVFDWWHUVIURP
the atoms around the X-ray absorbing atom, creating
interferences between the outgoing and scattered parts
of the photoelectron wave function. These quantum
LQWHUIHUHQFH HႇHFWV FDXVH DQ HQHUJ\GHSHQGHQW
variation in the X-ray absorption probability, which is
SURSRUWLRQDO WR WKH ;UD\ DEVRUSWLRQ FRHႈFLHQW μ(E),
a measurable quantity. When properly decoded these
modulations provide information about the structure,
atomic number, structural disorder, and thermal motions
RI QHLJKERULQJ DWRPV  ;UD\ DEVRUSWLRQ FRHႈFLHQW
μ(E) describes how strongly X-rays are absorbed as
a function of X-ray energy E*HQHUDOO\μ(E) smoothly
decreases as the energy increases(approximately as
(3  LH  WKH ;UD\V EHFRPH PRUH SHQHWUDWLQJ $W
VSHFL¿FHQHUJLHVZKHQWKH;UD\SKRWRQKDVVXႈFLHQW
energy to liberate electrons from the low energy bound
states in the atoms, μ(E) increases giving rise to preedge peaks corresponding to electronic transitions and
an absorption edge corresponding to a particular orbit;
mostly the core shells like K-shell or L-shell.
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Fig. 2 XAS spectrum of TiO2 and N: TiO

127

_F R _ 



I G C A N N U A L R E P O R T - 2015

0

TiO2400oC
Fit

Ti O2-xNx_400oC
Fit

TiO2450oC
Fit

Ti O2-xNx_450oC
Fit

TiO2500oC
Fit

Ti O2-xNx_500oC
Fit

2

40

2

4

Radial distance 

Fig. 3 Extended region fitting using ARTEMIS in R-space

Fig. 4 Schematic of position of N and oxygen vacancy
(Vo) and the comparison of Ti-O experimental and
theoretical bond length

PHDVXUH,0) and air path between the chambers. The
pre-processing of data before getting any physical
parameters from the spectra is done using a software
SDFNDJH $7+(1$ ZKLFK IDFLOLWDWHV WKH EDFNJURXQG
correction above edge using a cubic spline function,
normalizing the edge step to unity to account for the
HႇHFWV RI VDPSOH FRQFHQWUDWLRQ WKLFNQHVV GHWHFWRU
VROLGDQJOH¿OWHUWKLFNQHVVVOLWSRVLWLRQHWF

derived for both pristine and N: TiO2 and is given in
Table 1 and 2. From Table 1 it can be observed that,
WKHFRRUGLQDWLRQ QXPEHU RI7LLQWKH¿UVWFRRUGLQDWLRQ
sphere for the pristine TiO2 samples synthesized at 400,
450, and 500 °C is 4.8, 6.2, and 4.4, respectively. The
¿OPVREWDLQHGDW&ZHUHIRXQGWREHVWRLFKLRPHWULF
compared to those obtained at 400 and 500 °C. The
stoichiometry of sample synthesized at 450 °C is
due the reaction pathway, which is described here.
:KHQ WKH DHURVROV DSSURDFK WKH VXEVWUDWH ¿UVW WKH
solvent evaporates, and then the precursor undergoes
vaporization, followed by reactive decomposition of
vapors at the substrate to give TiO2¿OPVRIZHOOGH¿QHG
JUDLQV$ORRNDWWKHFRRUGLQDWLRQQXPEHURI7Lí2DWRPV
LQWKH¿UVWFRRUGLQDWLRQVSKHUHIRUGRSHGVDPSOHV 
4.9, and 4.3 for 400, 450, and 500 °C respectively) in
Table 2 reveals that, when nitrogen is introduced to the
interstitial position at a bond distance of cWKH
QXPEHURIR[\JHQDWRPVLQWKH¿UVWFRRUGLQDWLRQVSKHUH
decreases (in comparison to pristine samples), pointing
to the creation of oxygen vacancies. The position of
these oxygen vacancies were delineated by comparing
the Ti-O bond distances of N: TiO2WKLQ¿OPVZLWKWKDWRI
theoretically calculated oxygen defected TiO2 sample
IURP WKH OLWHUDWXUH  )LJXUH   ,W ZDV REVHUYHG IURP
the above comparison that oxygen vacancies occupy
both axial and equatorial positions in TiO6 octahedra
of N: TiO2.

'DWDDQDO\VLVLQWKHH[WHQGHGUHJLRQ(;$)6LVHLWKHU
done in k-space or in Fourier transformed R-space.
+HQFHWKHDEVRUSWLRQFRHႈFLHQWF(E) is converted to
k-space (F(k)) using the following relationship:
Where, m is the mass of the electron and F(k) is
weighted by k3 to amplify oscillations at high k. The
k3 F(k) functions are Fourier transformed to R-space
XVLQJ $57(0,6 VRIWZDUH SDFNDJH F(R) versus R
(radial distances) plots are then used to derive the
coordination number and radial distances of the atoms
in various coordination spheres (TiO6 octahedrons in
WKLVFDVH  )LJXUH 7KHDERYHFXUYHVZHUHWKHQ¿WWHG
using four paths (Two paths belonging to Ti-O and two
belonging to Ti-Ti) in case of pristine TiO2$ WRWDO RI
¿YHSDWKVZHUHXVHGIRUWR¿WWKH17L22; four from the
pristine TiO2 along with an additional Ti-N path. Each
path had parameters corresponding to bond length,
co-ordination number and Debye Waller factor. The bond
lengths and co-ordination number of Ti with respect to
axial and equatorial oxygen atoms were subsequently
Table1: Ti-O bond distances and co-ordination
number (C.N) of TiO2
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Synthesis
temperature

Path

Bond
OHQJWK c

C.N

400°C

Ti-O
Ti-O

1.913(1)
1.915(5)

4.00(1)
0.866(2)

450°C

Ti-O
Ti-O

1.910(1)
2.184(2)

4.80(1)
1.468(04)

500°C

Ti-O
Ti-O

1.960(1)
1.824(1)

3.204(3)
1.298(6)

Table 2: Ti-O bond distances and co-ordination number
(C.N) of N:TiO2

Synthesis
temperature
T i O 2-xN
400°C

x

T i O 2-xN
450°C

x

T i O 2-xN
500°C

x

Path

Bond
OHQJWK c

C.N

Ti-O
Ti-O
Ti-N

1.952(1)
1.953(1)
2.326(2)

3.072(7)
1.536(7)
1.344(7)

Ti-O
Ti-O
Ti-N

1.949(1)
1.984(3)
2.334(1)

3.292(3)
1.646(3)
1.056(3)

Ti-O
Ti-O
Ti-N

1.954(3)
1.984(2)
2.371(02

2.920(03)
1.460(04)
1.614(03)
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V.36

Functionalized Nanographite based Lubricants

*

raphite, graphene and other lamellar solids
such as crystalline molybdenum-disulphide
(MoS2) and tungsten disulphide (WS2) are known to
be good solid lubricants and, thus, are widely used
in several practical applications. When the liquid
lubricant is chemically grafted with lamellar materials
via functionalization it allows shear and high strength
boundary film formation across sliding interfaces
OHDGLQJWRORZIULFWLRQFRHႈFLHQWV+RZHYHUGLVSHUVLRQ
of nano-materials in the lube media is challenging due
WR WKH GLႇHUHQFH LQ FRKHVLYH IRUFHV %XW KLJK VSHFL¿F
surface area of lamellar materials provides energy for
chemical functionalization and dispersion in polar lube
medium. Here, direct dispersion and functionalization
RIJUDSKLWHQDQRVKHHWV *U16 LQSRO\ HWK\OHQHJO\FRO 
3(*  DSSO\LQJ ȖLUUDGLDWLRQ GRVH LV SURSRVHG
2[\JHQ IXQFWLRQDO JURXS RI *U16 LV JUDIWHG E\ WKH
hydrogen bonding with hydroxyl group of intercalated
3(* PROHFXOHV 3ULRU WR J-ray treatment, graphite
SRZGHU ZHLJKWPJ ZDVGLVSHUVHGLQPO3(*
by ultrasonication at a working frequency 30 kHz for
3 hours. The resultant dispersion of nano-graphite (weight
PJ LQPO3(*ZDVWKHQLUUDGLDWHGLQDJ-ray
chamber which housed a 60Co J-ray source for a dose
RI.*\XQGHUDWPRVSKHULFVHDOHGFRQGLWLRQ$IWHU
completion of reaction, brown colour of graphite oxide
becomes black, indicating reduction of oxygen functional
groups. The sample was processed after centrifugation,
washed in water and dried in a vacuum oven at 60oC for

Fig. 1 )7,5RI D SXUH3(*Ȗ±UDGLRO\VLVRI*U16DW
(b) 0 dose and (c) 275.4 kGy

REWDLQLQJSRZGHUIRUPRI3(*IXQFWLRQDOL]HG*U16
)7,5 DQDO\VLV ZDV FRQGXFWHG WR FKDUDFWHUL]H WKH
changes in functional group that occurred during the
JUDGLRO\VLVRI*U16GLVSHUVHGLQ3(*7KHSXUH
3(*VSHFWUXPVKRZVFKDUDFWHULVWLFEDQGVRIVSHFL¿F
functional groups (Figure1a). The doublet at 2938 and
2872 cm–1 belongs to symmetric and anti-symmetric
C-H stretching modes, O-H at 3407 cm–1 and C-O-C at
1062 cm–1. These three characteristic bands appeared
LQ *U16 GLVSHUVHG  3(* VDPSOHV VXEMHFWHG WR
J±UDGLRO\VLV DW D GRVH RI  N*\ 7KH VSHFWUD
indicates existence of hydrogen bonding between
3(* DQG *U16 )LJXUHE  )7,5 VLJQDOV DUH
very weak in zero dosed samples, indicating absence
RI HIIHFWLYH DQFKRULQJ RI *U16 ZLWK 3(*
(Figure 1c).
6LPLODU PDJQLWXGH RI IULFWLRQ FRHႈFLHQW a
LQ SXUH 3(* DQG *U16 DW ]HUR GRVH ZDV
observed (Figure 2). This indicates that without
JLUUDGLDWLRQ *U16 GRHV QRW KDYH IULFWLRQ UHGXFLQJ
capability due to absence of chemical grafting with
3(*+RZHYHUWKLVYDOXHUHGXFHVWRaLQJ-ray
exposed sample. Such an improvement in tribological
SURSHUWLHV LV H[SODLQHG E\ D  HႇHFWLYH VKHDULQJ RI
JUDSKLWH LQWHUOD\HU GXH WR DQFKRULQJ RI 3(* ZLWK
*U16DQG E IRUPDWLRQRIFKHPLVRUEHG*U16WULER
¿OP LQ ZHDU WUDFN7KH GHSRVLWHG *U16 SUHYHQWV WKH
direct contact between the tribo-pairs and exhibited
remarkable improvement in wear property.

Fig. 2 )ULFWLRQFRHIILFLHQW D SXUH3(* E Ȗ±UDGLRO\VLV
sample (b) 0 dose and (c) 275.4 kGy. Tribo-test
condition: PEG-Gr-NS concentration 0.03 mg mL–1,
load 1 N, sliding speed 3 cm/s
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5.37

Focused Ion Beam Applications
in Nanofabrication and Characterization

F

RFXVHG LRQ EHDP ),%  PLFURVFRSH KDV EHHQ
widely used for basic material characterization and
WHFKQRORJLFDODSSOLFDWLRQVIRUWKHSDVWVHYHUDO\HDUV,W
has the potential of imaging and milling (also referred
DVHWFKLQJPDFKLQLQJ ,WVRSHUDWLRQLVDQDORJRXVWRD
VFDQQLQJHOHFWURQPLFURVFRSH 6(0 EXWDJDOOLXP *D 
beam rasters the sample surface and the secondary
HOHFWURQVLRQV SURGXFHG DUH XVHG IRU LPDJLQJ$V WKH
energy of the ion beam is ample to sputter etch the
target material (sample), it is also used for material
UHPRYDO ),% V\VWHP GHVFULEHG LQ WKLV DUWLFOH LV
FRPELQHGZLWKDKLJKUHVROXWLRQ¿HOGHPLVVLRQVFDQQLQJ
electron microscope (FE-SEM) and a gas injection
V\VWHP *,6 7KLVFRPELQDWLRQKDVWKHFDSDELOLWLHVRI
ion beam activated deposition and enhanced etching,
electron beam induced deposition and imaging with
ERWKLRQDQGHOHFWURQEHDPV$QDGGLWLRQDODGYDQWDJH
of this so-called dual-beam system is that the ion beam
assisted routines can be monitored (imaged or recorded)
by electron beam. Deposition and material removal is
typically performed at length scales of a few nanometers
to hundreds of micrometers. Therefore this system plays
a vital role in nanofabrication.
)LJXUHVKRZVDVFKHPDWLFRIWKH),%6(0V\VWHPZLWK
D*,6IDFLOLW\7KHHOHFWURQFROXPQLVSODFHGYHUWLFDODQG
WKHLRQFROXPQLV¿[HGDWDQDQJOHRIGHJUHHVIURP
the vertical column. Hence, this system is also referred
as a ‘cross-beam’ system. Coincidence point of both the
beams is at 5 mm down to the electron column polepiece and it is the typical working distance of the system.
*,6 LV D ¿YH FKDQQHO V\VWHP ZKLFK RႇHUV SUHFXUVRUV
of platinum, tungsten (W) metals and silicon dioxide
LQVXODWRUIRUGHSRVLWLRQZDWHUDQG[HQRQGLÀXRULGHIRU
DVVLVWHGHWFKLQJ$FFHOHUDWLRQYROWDJHRIHOHFWURQDQG
*DLRQEHDPFRXOGEH FRQWLQXRXVO\ YDULHGXSWRN9
Lateral resolution is about 1 and 2.5 nm for the electron
and ion microscope, respectively. The probe current
FDQEHYDULHGIURPDIHZS$WRIHZWHQVRIQ$IRUERWK
the beams. The system has a standard in-chamber

Fig. 1 FIB-SEM dual-beam system with five-channel GIS
facility. Sample is tiled to 54 degrees and placed at
5 mm working distance

Everhart-Thornley detector and an in-lens detector.
Secondary electrons generated by the interaction of the
HOHFWURQLRQEHDPDWWKHVDPSOHVXUIDFHDUHFROOHFWHG
by these detectors for obtaining high spatial resolution
images.
$Q LQEXLOW EDVLF OLWKRJUDSK\ RSWLRQ RI WKH V\VWHP
enables milling and deposition of simple geometric
patterns. Creation of complex patterns, however, needs
a dedicated lithography module which might control
both the beams. Nanomanipulation could be done using
nanomanipulators which are analogous to robotic arms
WKDWRSHUDWHLQVLGHWKH),%6(0FKDPEHUDQGFRQWUROOHG
from outside. The nanomanipulators extend the system
utility to several applications including TEM lamella
preparation, electrical and mechanical testing of nanofeatures and nano-manipulation desired for advanced
nanofabrication. Using the facilities presently available
with the system, the following categories of works are
being carried out and a few examples for each category
are provided in this article.
Etch rate of the sample could be controlled with the
SUREHFXUUHQW RI*DLRQEHDP 7KHUHIRUHLWLVSRVVLEOH
WRSHUIRUPDURXJKPLOOLQJWRD¿QHSROLVKLQJRQDOPRVW
any solid matter, with high and low probe currents,

Fig. 2 (a) FE-SEM image of a FIB-milled wear track across the rolling direction. Magnified view shows the subsurface
details; (b) array of etch-pits created by FIB on Si surface and (c) for an equal etching time, XeF2 assisted etching on
Si shows an enhancement in etch-rate and homogeneity in material removal compared to normal etching
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respectively. The example in Figure 2a shows the
application of ion milling in exposing the subsurface of
a wear track, where the deformation, nanocracks and
pores are exposed by ion milling and subsequently
LPDJHGE\)(6(0LQVHFRQGDU\HOHFWURQPRGH,QWKLV
work, a rectangular trench (10 x 3 μm2) was made across
the wear track for about one micron depth by roughmilling and one of the side-walls (which is perpendicular
WRWKHUROOLQJGLUHFWLRQ ZDV¿QHSROLVKHGWRH[SRVHWKH
PLFURVWUXFWXUH GHWDLOV ,RQ EHDP HWFKLQJ FDQ DOVR EH
used for nanofabrication as shown in Figure 2b, where a
lithographic array pattern (with a pit size of ~135 nm and
gap of ~40 nm) was etched out on a silicon surface. This
W\SHRISDWWHUQVDWYDULRXVOHQJWKVFDOHV¿QGVYDULHW\RI
applications from material science to biomedical science.
),% HWFKLQJ VRPHWLPHV VXႇHUV IURP UHGHSRVLWLRQ DQG
anisotropy in material removal (due to the dependence
of sputtering yield on crystallographic direction). The
same could be solved, to a larger extent, with gas
DVVLVWHGHQKDQFHGHWFKLQJ*,6UHVHUYHVWZRQR]]OHV
for the injection of XeF2 and H2O, which are normally
used for etching silicon and carbon based materials,
UHVSHFWLYHO\)LJXUHFVKRZVDVLJQL¿FDQWHQKDQFHPHQW
in the etching of silicon with XeF2,WLVHYLGHQWWKDWERWK
the etch rate and homogeneity in etching are greatly
improved.
$ORQJZLWK*,6HLWKHU*DLRQRUHOHFWURQEHDPFRXOGEH
used to deposit Pt, W and SiO2 from nano- to micronscales. Deposition occurs, at areas where the beam
rasters, by decomposing the gaseous precursor material
LQMHFWHGE\*,6RYHUWKHVDPSOHVXUIDFH )LJXUH $V

Fig. 3 Schematic of a gas assisted deposition procedure

shown in Figure 3 precursor molecules supplied through
*,6 DUH SK\VLVRUEHG RQ WKH VXUIDFH DQG GHFRPSRVH
XQGHU WKH *D LRQ RU HOHFWURQ  EHDP WR OHDYH D ZHOO
GH¿QHGGHSRVLWRQWKHVXUIDFHZKLOHYRODWLOHIUDJPHQWV
DUH SXPSHGRXW 'LIIXVLRQ RI DQ\ *D DQG FDUERQ
species into the deposit are indicated with orange and
violet discs, respectively. Deposition rate depends on
WKHJHRPHWU\RI*,6QR]]OHDQGVDPSOHSUREHFXUUHQW
DQGHWFKLQJUDWH7KLVIDFLOLW\¿QGVVHYHUDODSSOLFDWLRQV
including, fabrication of electron beam lithography
masks, nanodevices fabrication and repair, patterns and
templates formation. Figure 4 shows a few applications
using ion and electron beam induced depositions.
7KHUHIRUH),%6(0ZLWK*,6LVDYLWDODQGYHUVDWLOHWRRO
in nanofabrication and this article is aimed to provide
the basic information and application of the system
in fundamental materials science and technological
applications.

Fig. 4 (a) ZnO nanorod two terminal device with FIB-deposited Pt strips; (b) GaN FET structure with Pt strips by ion beam
and SiO2 by electron beam, (c) W nanodot array deposition by FIB; (d) Pt/SiO2 interpenetrated nanodot array by FIB
and (e) Pt nanopillar array by electron beam induced deposition
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Localized Charge Transfer Process
in Methane Sensing by GaN Nanowires
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Fig. 1 (a) Morphology (b) experimental and simulated lectron energy loss spectroscopy spectra of GaN nanowires for O
defect concentrations and (c) resistive gas sensing for GaN nanowires
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Fig. 2 Schematic scanning Kelvin probe microscopy measurement setup

~1080) nano-pipette (aperture size ~200 nm) gas
delivery system was used for localized pico-liters
(10-12 liters) of gas delivery on a single nanowire.
The experimental and the simulation of electron energy
loss spectroscopy VWXGLHVRQR[\JHQLPSXULWLHVLQ*D1
NWs established the possible presence of 2(ON) and
9*D–3ON defect complexes (Figure 1b). The resistive gas
VHQVRUGHYLFHVPDGHRI*D1QDQRZLUHVZLWKGLႇHUHQW
oxygen impurity concentrations showed the response
with the reduction in resistance with the exposure to
CH4 (Figure 1c). The scanning Kelvin probe microscopy
measurements showed (Figures 2 and 3) a reduction
in the surface potential value with an increase in the
GLDPHWHU$UHGXFWLRQLQWKHVXUIDFHSRWHQWLDOYDOXHLV
also recorded as the oxygen concentration increases in

nanowires. The observed variations in surface potential
(Figure 4), depletion width, and surface charge density
QRWVKRZQLQ¿JXUHV GXULQJWKHVFDQQLQJ.HOYLQSUREH
microscopy measurements on nanowires exposed
to CH4 established the occurrence of gas adsorption
DQG FKDUJH WUDQVIHU SURFHVVHV LQ WKHVH QDQRZLUHV$
ORFDOL]HG FKDUJH WUDQVIHU SURFHVV LQYROYLQJ 9*D–3ON
defect complex in nanowires is ascribed in controlling
the global gas sensing behavior of the oxygen rich
HQVHPEOHG*D1QDQRZLUHV%\WXQLQJWKHVXUIDFHODWWLFH
oxygen defects on nanowires, control of the sensing
EHKDYLRU RI *D1 QDQRZLUHV FRXOG GHPRQVWUDWHG7KH
present study provides an insight for controlling the
GHIHFWVLQ,,,QLWULGHEDVHGQDQRVWUXFWXUHVIRUDGYDQFHG
gas sensor applications.

Fig. 3 Typical topographs and scanning Kelvin probe microscopy maps of samples before and after exposure to CH4.
Nanowire diameter dependent SP values extracted from the scanning Kelvin probe microscopy maps
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V.39

5DPDQ6SHFWURVFRS\6WXG\DW6XEGLႇUDFWLRQ/LPLW

*

YDSRUOLTXLGVROLG 9/6 SURFHVVSpectroscopic imaging
and analysis of nanostructures are performed in the subGLႇUDFWLRQOLPLW$GRSWLQJWKHSODVPRQLFVWhe localized
HႇHFWRILPSXULWLHVLQVLQJOH*D1QDQRZLUHVRIGLDPHWHU
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out using the scanning probe microscopy setup coupled
with a laser Raman spectrometer in the backscattering
FRQ¿JXUDWLRQ 7KH SUREH LV DWRPLF IRUFH PLFURVFRSLF
$)0 EHQWJODVVWLSDWWDFKHGZLWK$XSDUWLFOH GLDPHWHU
< 100 nm) and it is operated under non-optical normal force
feedback. The Raman signals are collected by exciting the
samples with 514.5 nm laser and are dispersed with a
1800 gr.mm-1 grating and a thermoelectric cooled charged
couple device (CCD) detector.
,Q WKH 7(56 VWXG\ DORQJ ZLWK WKH V\PPHWU\ DOORZHG
Raman vibrational modes, surface optical mode of A1
symmetry is also observed for both the undoped and the
0J GRSHG *D1 VDPSOHV )LJXUH   6WXG\ RI WKH ORFDO
vibration mode shows the presence of Mg as dopant in
WKH VLQJOH *D1 QDQRZLUHV :H GHPRQVWUDWH SRODUL]HG
resonance Raman spectroscopic (RRS) studies (Figure 2)
with strong electron-phonon coupling to understand the
FU\VWDOOLQH RULHQWDWLRQ RI D VLQJOH$O*D1 Qanowire of
diameter ~100 nm in the [0001] direction with A1(LO) mode
being absent in the cross polarization, as per selection rule.

Fig. 1 (a) AFM image and (b) TERS spectra of undoped; (c)
AFM image and (d) TERS spectra of GaN:Mg single
NW without and with TERS tip

nanowires. Thus the TERS can be used for the localized
HႇHFWVE\LPSXULWLHVLQDVLQJOHQDQRZLUHIRUGHYHORSLQJ
the nanowire based electronic and optoelectronic devices.
Polarized resonance Raman spectroscopy studies with
strong electron-phonon coupling is used to understand
WKHFU\VWDOOLQHRULHQWDWLRQRIDVLQJOH$O*D1QDQRZLUH7KH
crystallographic orientations predicted by the polarized
Raman spectroscopy shows a good agreement with
WKHVWUXFWXUDODQDO\VLV QRWVKRZQLQ¿JXUH 7KHRSWLFDO
FRQ¿QHPHQW HႇHFW GXH WR WKH GLHOHFWULF FRQWUDVW RI 1:
with respect to that of surrounding media along with
strong electron-phonon coupling of resonance Raman
spectroscopy is useful for the spectroscopic analysis in
WKHVXEGLႇUDFWLRQOLPLWRIaQPXVLQJDZDYHOHQJWK
of 325 nm.

limit of 325 nm (O1$ XVLQJDQH[FLWDWLRQZDYHOHQJWKRI
QPDQGQHDUXOWUDYLROHW[IDU¿HOGREMHFWLYHZLWKD
numerical aperture value of 0.50.
Thus, TERS study showed presence of surface optical
modes originating from the surface defects for both the
XQGRSHG DQG 0J GRSHG *D1 VDPSOHV 2EVHUYDWLRQ RI
ORFDO YLEUDWLRQDO PRGH SHUWDLQLQJ WR *D10J VDPSOH
FRQ¿UPVWKHSUHVHQFHRI0JDVGRSDQWLQWKHVLQJOH*D1
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Fig. 2 (a) Polarized resonance Raman spectra for single
AlGaN NW for different polarization configurations
and (b) the schematic diagram with possible stacking
arrangement of unit cells in the cylindrically shaped
nanowire
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V.40

(ႇHFWRI6XUIDFH6WUHVVRQWKH5HVRQDQFH
)UHTXHQF\RI8QFRDWHG0LFURFDQWLOHYHUV

M

icro fabricated cantilever structures have
been demonstrated to be extremely versatile
sensors. Measurement of adsorbed mass on these
structures result in decrease in resonance frequency,
ZKLFK RႇHUV RQH RI WKH PRVW VHQVLWLYH PDVV VHQVLQJ
techniques approaching single molecule detection.
$OWKRXJK RQH ZRXOG H[SHFW WKH IUHTXHQF\ VKLIW WR
be inversely proportional to the square root of the
added mass, there are several other mechanisms
OLNH QRQXQLIRUP PDVV ORDGLQJ ÀH[XUDO ULJLGLW\ RI WKH
adsorbate, surface stress, surface elasticity, etc which
ZLOO LQÀXHQFH WKH VWLႇQHVV RI WKH FDQWLOHYHU PDNLQJ
WKH PDVV PHDVXUHPHQW TXDOLWDWLYH ,Q WKH SUHVHQW
ZRUNWKHLQÀXHQFHRIVXUIDFHVWUHVVRQWKHVWLႇQHVVRI
three uncoated microcantilevers (MCs) with reducing
dimensions is studied.
Commercially available tipless microcantilevers were
used in the present work (Table 1). Resonance frequency
of microcantilevers were measured using laser photo
GLRGH DUUDQJHPHQW RI DQ$)0 KHDG )RU DGVRUSWLRQ
of water molecules, experiments were performed by
SODFLQJWKH$)0KHDGDORQJZLWKWKHFDQWLOHYHULQVLGH
an airtight chamber purged with nitrogen gas which
reduces the relative humidity (RH). For increasing the
RH, N2 was bubbled through deionised water (Figure 1).
The unloaded resonance frequency, ‘f1’, of an oscillating
microcantilever and is given by

ZKHUHµN¶LVWKHVSULQJFRQVWDQWDQGµP ¶LVWKHHႇHFWLYH
mass of the microcantilever. When adsorbates are
deposited uniformly on the cantilever surface, the

Table 1: Physical dimensions and resonance frequency of
three microcantilevers studied in the present work
Name

Length
(L) (μm)

Width
(W) (μm)

Thickness
(T) (μm)

Resonance
frequency (f1)
(kHz)

MC1

450

40

2.5

12.10104

MC2

225

30

3

66.85423

MC3

125

35

4.5

332.19681

resonance frequency will shift to ‘f2’ and is given by,

ZKHUHµǻP¶DQGµǻN¶DUHWKHFKDQJHVLQPDVVDQGVSULQJ
FRQVWDQW UHVSHFWLYHO\ GXH WR DGVRUSWLRQ  ,W LV HYLGHQW
IURPHTXDWLRQWKDWLIǻN DGGHGǻPZLOODOZD\VUHVXOW
in negative frequency shift (f2 < f1).
Figure 2 shows the typical relative resonance frequency
shift of three microcantilevers as a function of increasing
5+ LH GXULQJ SK\VLVRUSWLRQ RI ZDWHU ,W LV FOHDU WKDW
for the cantilever MC1, the frequency decreases with
added mass, as would be expected, whereas for MC2
and MC3, the frequency hardens initially with the added
PDVV$WKLJKHUPDVVORDGLQJLQWKHFDVHRI0&WKH
frequency decreases. These trends clearly indicate that
the observed frequency change is a combination of
ERWKWKHPDVVORDGLQJDQGVWLႇQHVVFKDQJHGXULQJWKH
adsorption of water.
,QRUGHUWRGLVFULPLQDWHWKHFRQWULEXWLRQRIHDFKRIWKHVH
WZRHႇHFWVWKHIUHTXHQF\VKLIWGXHWRDGGHGPDVVRQ
MC surface is numerically computed. The expected
frequency shift, due to added mass alone, for each

1x10-3

MC3

'f/f

5x10-3
0
MC2

-5x10-3
-10x10-3

Fig. 1 Block diagram of the experimental setup used in the
present work for adsorption / desorption of water
molecues on microcantilever surface

MC1

10

20

30

40

RH (%)

50

60

Fig. 2 Relative shift in resonance frequency with increasing
RH in MC1, MC2 and MC3
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To estimate the surface stress, microcantilever bending
measurements were carried out, using the same set
XS )URP WKH GHÀHFWLRQ GDWD ǻ]  GLႇHUHQWLDO VXUIDFH
VWUHVV ǻı  LV HVWLPDWHG XVLQJ WKH PRGL¿HG 6WRQH\¶V
equation given by,

ZKHUH µ(¶ LV <RXQJ¶V PRGXOXV µȣ¶ LV 3RLVVRQ¶V UDWLR
and ‘L’ and ‘T’ are length and thickness of the MC,
UHVSHFWLYHO\  ǻı JHQHUDWHG GXULQJ DGVRUSWLRQ ZLWK
surface density in all the MCs is shown in Figure 4a.
,Q)LJXUHEZHSORWǻNNDVREWDLQHGIURP)LJXUHZLWK
ǻıDVREWDLQHGDERYH$OLQHDUFRUUHODWLRQEHWZHHQWKH
change in spring constant and the measured change in
surface stress due to adsorbed water is clearly seen
for the smaller cantilevers MC2 and MC3, in which a
positive frequency shift is observed with added mass.
These experimental observations are attributed to
the in-plane stress generated during adsorption at
¿[HGHQGRI0&LHFODPSLQJHႇHFW&ODPSLQJH[HUWV
reaction forces to cancel out the curvature induced
E\WKHEHQGLQJPRPHQWGXULQJDGVRUSWLRQ,WPXVWEH
emphasized that MCs are rigidly clamped to a chip
substrate and does not participate in the vibration
during dynamic measurements. This results in non

0.0020

MC3

0.0015

'k/K

0& LV FDOFXODWHG E\ VXEVWLWXWLQJ ǻN   LQ HTXDWLRQ
7KH GLႇHUHQFH EHWZHHQ WKH REVHUYHG IUHTXHQF\ VKLIW
and that calculated, is converted into to the variation
LQǻN IRU DOO WKH PLFURFDQWLOHYHUV )LJXUH  VKRZV WKH
FRPSXWHGUHODWLYHFKDQJHLQVSULQJFRQVWDQW ǻNN IRU
three microcantilevers with added mass per unit area
VXUIDFHGHQVLW\ )URPWKLV¿JXUHLWLVFOHDUWKDWǻNN
is maximum in MC3 and as expected is negligible for
0& 7KH REVHUYHG ǻNN DULVHV GXH WR WKH VXUIDFH
stress generated during adsorption.

MC2

0.0010
0.0005
MC1

0.0000
0.0

4.0

2.0

-7

6.0

'm/Area (Kg/m ) x10
2

Fig. 3 Variation of stiffness change with respect to mass per
unit area of threemicrocantilevers

XQLIRUP FXUYDWXUH DW ¿[HG HQG WKHUH E\ LQFUHDVLQJ
WKH VWLႇQHVV RI 0& ZKLFK ZLOO EH GRPLQDQW ZKHQ 0&
GLPHQVLRQVUHGXFH)XUWKHUǻNNHVWLPDWHGZDVIRXQG
WRIROORZDOLQHDUUHODWLRQVKLSZLWKǻıVFDOHGWRWKHFXEH
of width to height ratio of MCs. This clearly indicates
WKDWWKHVWLႇQHVVLVSURSRUWLRQDOWRERWKVXUIDFHVWUHVV
generated during adsorption and dimensions of MC.
,Q FRQFOXVLRQ WKH LQÀXHQFH RI VXUIDFH VWUHVV RQ
PLFURFDQWLOHYHU VWLႇQHVV GXULQJ DGVRUSWLRQ RI ZDWHU
molecules was studied. Spring constant change (from
UHVRQDQFH IUHTXHQF\ VKLIW  DQG GLႇHUHQWLDO VXUIDFH
stress generated (from static bending data) during
adsorption in three microcantilevers with reducing
GLPHQVLRQV ZHUH HVWLPDWHG ,W LV FRQFOXGHG WKDW WKH
VXUIDFHVWUHVVJHQHUDWHGGXULQJDGVRUSWLRQLQÀXHQFHV
WKHVWLႇQHVVRIPLFURFDQWLOHYHUDQGWKLVHႇHFWLQFUHDVHV
ZLWK UHGXFLQJ WKH GLPHQVLRQV RI WKH FDQWLOHYHU ,W
is pointed out that reducing the dimensions of the
PLFURFDQWLOHYHU FDQ JUHDWO\ LQÀXHQFH WKH DGVRUSWLRQ
LQGXFHGVWLႇQHVVFKDQJHV

0.5
MC3

2.0

0.3

('K/K) x10-3

'V(N/m)

0.4

MC2

0.2
0.1

(a)

0.0
0.0

MC3

1.5

MC2

1.0
0.5

MC1

2.0

6.0

4.0

'm/Area (Kg/m2) x10

-7

(b)

0.0

0.0

0.1

0.2
'V(N/m)

0.3

Fig. 4 (a) Surface stress generated during adsorption in all the microcantilevers with respect to mass per unit area and (b)
OLQHDUILWRI ǻNN ZLWK ǻı 
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V.41

Probing of Competitive Displacement Adsorption
DW2LOLQ:DWHU,QWHUIDFH

U

nderstanding the nature and reversibility of
competitive displacement adsorption of smaller
molecules at interfaces covered with macromolecules
is important from practical applications point of view.
Such competitive displacement adsorption provides an
unique possibility to reuse adsorbents. The competitive
LQWHUDFWLRQV EHWZHHQ GLႇHUHQW DGVRUELQJ VSHFLHV
determine the stability and product lifetime. Several
studies have been carried out on the interaction of
protein with other molecules at the airíZDWHU DQG
RLOíZDWHU LQWHUIDFH 7KH UHFHQW QHXWURQ UHÀHFWLYLW\
studies show that a synergistic interaction between
certain nonionic surfactants and proteins can lead to
VSRQWDQHRXVVHOIDVVHPEO\DWWKHDLUíZDWHULQWHUIDFHWR
IRUPOD\HUHGVXUIDFHVWUXFWXUHV6XFKSURWHLQíDQLRQLF
VXUIDFWDQWLQWHUDFWLRQVFDQDOVRHႇHFWLYHO\EHXVHGWR
WXQHHOHFWURVWDWLFLQWHUDFWLRQV,UUHVSHFWLYHRILQWHQVH
research on protein adsorption behavior at interfaces,
the understanding is still vague because of the complex
interaction between the protein molecules and surfaces
through van der Waals, electrostatic, hydrophobic,
and hydrogen bonding interactions. Measurement of
interaction forces in the presence of adsorbing species
at a solid interface is attempted using atomic force
microscopy and surface force apparatus.
Better insight into the complex interactions between
SURWHLQVDQGRLOíZDWHU 2: LQWHUIDFHLQWKHSUHVHQFH
of diblock polymers is obtained using in-situ colloidal
force measurement. The competitive displacement
DGVRUSWLRQHႈFLHQF\RIFDVHLQDWDQRLOíZDWHULQWHUIDFH
stabilized with either negatively charged surfactant or
neutral polymer is probed by employing intermolecular
force, zeta and hydrodynamic diameter measurements.

(a)

The equilibrium force distance measurement is
HPSOR\HG IRU WKH ¿UVW WLPH WR SUREH WKH FRPSHWLWLYH
DQGGLVSODFHPHQWDGVRUSWLRQRIFDVHLQDWDQRLOíZDWHU
2:  HPXOVLRQ LQWHUIDFH WKDW ZDV LQLWLDOO\ DGVRUEHG
with either a diblock polymer or an anionic surfactant.
$ VLJQL¿FDQW FKDQJH LQ WKH IRUFHíGLVWDQFH SUR¿OH
was observed under the competitive displacement
DGVRUSWLRQ RI FDVHLQ ZKLFK LV IXUWKHU FRQ¿UPHG
from the hydrodynamic diameter and zeta potential
PHDVXUHPHQWV$ GHFUHDVH LQ WKH RQVHW RI UHSXOVLRQ
and decay length are observed on competitive
DGVRUSWLRQ RI VPDOOHU VL]H FDVHLQ PROHFXOHV DW 2:
LQWHUIDFH :LWK DGGLWLRQ RI FDVHLQ LQ 39$YDF GLEORFN
polymer stabilized emulsion, the onset of repulsion
decreases from 88 to 48 nm whereas the magnitude
of force increases from 1 to 19 nN. The force decay
length is reduced from 10.5 to 4.5 nm upon addition of
casein. Our results suggest the complete replacement
of adsorbed diblock polymers by casein molecules.
The hydrodynamic diameter and zeta potential
measurements corroborate the casein mediated
polymer displacement and the competitive adsorption
RIFDVHLQDWWKH2:LQWHUIDFH,QWKHFDVHRIDQLRQLF
VXUIDFWDQW FRYHUHG 2: LQWHUIDFHV FDVHLQ PROHFXOHV
weakly associate at the interface without displacing the
VPDOOHUVL]HVXUIDFWDQWPROHFXOHVZKHUHQRVLJQL¿FDQW
FKDQJHV LQ WKH RQVHW UHSXOVLRQ DQG IRUFH SUR¿OHV
are observed. These results suggest that the casein
PROHFXOHV DUH HႇHFWLYH GLVSODFHUV IRU UHSODFHPHQW RI
adsorbed macromolecules from formulations. Based
on our results, the conformation of polymer and casein
DWWKH2:LQWHUIDFHRIFDVHLQDUHVFKHPDWLFDOO\VKRZQ
in Figures 1b and 1c.

(b)

(c)

Fig. 1 D )RUFHíGLVWDQFHSURILOHVDWGLIIHUHQWFDVHLQFRQFHQWUDWLRQVIRU39$YDF . VWDELOL]HGHPXOVLRQ6ROLGOLQHV
correspond to the theoretical fit, (b & c) schematic representation of droplets without and with casein, respectively
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Enhancing Mechanical Properties
of Concrete using Nano Additives

T

he utilization of fly ash in concrete as a raw
material for cement production, and as a partial
replacement of cement in concrete is well established.
7KRXJKWKHSHUIRUPDQFHEHQH¿WVWKDWÀ\DVKSURYLGHV
to mechanical and durability properties of concrete
have been well documented, sometimes these mixes
VXႇHUIURPHDUO\DJHSHUIRUPDQFHLVVXHVOLNHGHOD\HG
setting time, low early-age strength, and more stringent
curing conditions. Recent developments have been
UHSRUWHG RQ LQFRUSRUDWLRQ RI GLႇHUHQW QDQRSDUWLFOHV LQ
concrete, to achieve improved physical and mechanical
properties. Nanoparticles act either as heterogeneous
nuclei for cement pastes further accelerating cement
K\GUDWLRQEHFDXVHRIWKHLUKLJKUHDFWLYLW\RUDVQDQR¿OOHU
densifying the microstructure, thereby, leading to reduced
SRURVLW\7KH FRPELQDWLRQ À\ DVK DQG QDQR PDWHULDOV
also tightly bind the hydration products and compensates
for the increased early strength development.
3KRWRFDWDO\WLFHႇHFWRI7L22 DQG¿OOHUHႇHFWRI&D&23
is utilized in the construction industry, however, there
KDVEHHQOLPLWHGSURJUHVVRQWKHHႇHFWRIDGGLWLRQRI
nano TiO2 (NT) and CaCO3 (NC) individually and in
FRPELQDWLRQ 17& RIERWKLQÀ\DVKFRQFUHWHLQWHUPV
of early and long-term strength and durability properties.
7KH HႇHFWLYHQHVV RI WKHVH QDQRSDUWLFOHV RQ VWUHQJWK
GHYHORSPHQWDQGGXUDELOLW\SURSHUWLHVRIÀ\DVKFRQFUHWH
and to evaluate the optimum replacement level was
studied.

NC
NTC
F
0 0.5 1 1.5 2 2.5 3
% of Nanopaticles

Fig. 1 Early strength of concrete
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17DQG1&SDUWLFOHVKDGDVSHFL¿FJUDYLW\RIDQG
2.69 respectively. Fly ash was used as a 40% partial
cement replacement material and crushed sand with
a maximum size of 4.75 mm was used as a 30%
SDUWLDO UHSODFHPHQW PDWHULDO IRU ¿QH DJJUHJDWH 7KH
FRDUVH DJJUHJDWH XVHG LQ WKH PL[ ZDV EODFN *UDQLWH
with maximum size 20 and 12.5 mm. Chemical
admixture used to achieve workability was of high
range water reducer type, having sulphonated
naphthalene formaldehyde as base. F0 concrete
mix was control mix without any nanoparticles.
7KHWRWDOSRZGHUFRQWHQW FHPHQWÀ\DVKQDQRSDUWLFOHV 
IRU DOO PL[HV ZDV  NJP3. Water to powder ratio
ZDV  IO\ DVK FRQWHQW ZDV  NJP 3 , river
VDQG  NJP3 FUXVKHG VDQG  NJ P3, coarse
DJJUHJDWH  NJP 3 and chemical admixture
ZDVNJP3.
Slumps of fresh concrete were determined immediately
to evaluate the workability. Concrete cubes of
150 mm size to carry out compression test and
cylinders of length 200 mm and diameter 100 mm to
¿QGWKHVSOLWWHQVLOHVWUHQJWKDQGFKORULGHSHUPHDELOLW\
were cast and stored in a chamber maintaining
90 % relative humidity and a temperature of 27°±2°C
for 24 hours and thereafter demoulded. Further, the
specimens were submerged in a laboratory curing tank
¿OOHG ZLWK IUHVK ZDWHU DW D WHPSHUDWXUH RI &7R
GHWHUPLQHWKHFRQVLVWHQF\FHPHQWSDVWHVZLWKGLႇHUHQW
percentages of nanoparticles were made. Crushed
specimens were utilized further for determining the pH
value of concrete. The rapid chloride penetrability test was
FRQGXFWHGDVSHU$670E\VOLFLQJWKHF\OLQGULFDO
specimen into 50 mm thick and 100 mm diameter size.
Small pieces from fractured surface of 2% substitution

0.1

NT

40
30
20
10
0

0.09

RaƟo

7 days Compressive
Strength(N/mm 2)

Six series of concrete mixes of grade M35(Mix of
FKDUDFWHULVWLF FRPSUHVVLYH VWUHQJWK 1PP2) were
prepared by replacing cement with NT, NC and NTC
SDUWLFOHV ZLWK VL[ GLႇHUHQW FRQWHQWV UDQJLQJ IURP 
to 3% by weight of cement, with an increment of 0.5%.
The concrete containing NT, NC and NTC particles were
labelled under mix series T1 to T6 (T-series), C1 to C6
(C-series), and TC1 to TC6 (TC-series) respectively. NT
particles with average size 50-60 nm and NC particles

ZLWKDYHUDJHVL]HRIQPZDVXVHG7KHVSHFL¿F
gravity of NT and NC particles were 3.76 and 2.69
respectively.

0.08
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0.05
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Fig. 2 Ratio of split tensile strength to
compressive strength
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Fig. 3 RCPT value variation
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Fig. 4 pH value variation

Fig. 5 Slump value variation

concrete were used for microanalysis examination using
a scanning electron microscope (SEM).

as the percentage of nanoparticles increased in the
PL[ ZKLFK ZDV PRVW HYLGHQW LQ & VHULHV PL[$V WKH
percentage of NC particles increased, there was a
GHFUHDVHLQWKHÀXLGLW\DQGLQFUHDVHLQZDWHUGHPDQG
RIWKHPL[ZKLFKZDVFRQ¿UPHGIURPWKHFRQVLVWHQF\
values (Figure 6). Though there was a decline in slump
value, the concrete was workable.

The results show that the addition of nanoparticles
JUHDWO\HQKDQFHGWKHHDUO\DQGKLJKHUDJHVWUHQJWKRIÀ\
ash concrete (Figures 1 and 2). The TC series concrete
showed a maximum strength at 2% substitution. The 2%
substitution of T and C series concrete yielded slightly
lower strength when compared to the maximum strength
attained but the rapid chloride penetration test (RCPT)
values were very low at this percentage indicating a
good impermeable concrete.
The RCPT values (Figure 3) were in the range of
100 – 500 coulombs for all the mixes, which indicated
that the chloride ion penetrability is very low. But, the
lowest value among all the mixes was observed at 2%
substitution and also the maximum pH value (Figure 4) of
concrete was seen at 2 % substitution of nanoparticles.
The results show that all the mixes blended with
nanoparticles showed a decline in slump value (Figure 5)

consistency value (%)

35

NT

NC

NTC

$VWKHVWUHQJWKS+DQG5&37UHVXOWVZHUHHQFRXUDJLQJ
for the specimens with 2% substitution; these fractured
specimens were subjected to microanalysis using
SEM. While comparing images of T4, C4 and TC4 with
F0, it appears that a homogenous dense microstructure
is attained in the given order of mixes (Figure 7).
7KLV MXVWL¿HV WKH PHFKDQLFDO DV ZHOO DV SHQHWUDELOLW\
properties for the above mixes. Dense appearance of
K\GUDWHGSURGXFWVLQ&MXVWL¿HVWKHKLJKS+
Comparing all the results it was found that 2% is the
optimum level of nanoparticle substitution which could
yield a durable and strong concrete.

F

33
31
29
27
25
0 0.5 1 1.5 2 2.5 3
% of Nanoparticles

Fig. 6 Consistency values variation

Fig. 7 SEM images
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V.43

Comparison Study of Environmental Dose
due to Ar-41 Plume Recorded in Argon Fluence
Monitor and Autonomous Gamma Dose Logger

E

$SRUWDEOHDXWRQRPRXVJDPPDGRVHORJJHU $*'/ LV
indigenously designed and developed for environmental
radiation monitoring and recording. The system is a
*0WXEHEDVHGLQVWUXPHQWDQGXVHVDPLFURFRQWUROOHU
based circuit, for data acquisition and storage and it
LVVHQVLWLYHWRDOOHQHUJLHVXQOLNH$)07KHUHJLVWHUHG
data can be easily retrieved at any time for analysis and
documentation as they are recorded in a removable
FRPSDFWÀDVKFDUG
3KRWRJUDSKRI$)0DQG$*'/GHSOR\HGQHDU:6&'LV
shown in Figure 1. The wind direction pattern during the
period of study was obtained from the meteorological
station located at Edaiyur. On a typical day of observation
29 Sep 2014 the direction of the wind was found to
140

be Southwest in the morning time which changed to
Southeast by sea breeze development in the afternoon.
The general background at the location was found to be
approx. 15 P5K'XULQJWKHVHDEUHH]HWLPHDQLQFUHDVH
in environmental dose above normal background was
REVHUYHG )LJXUH ,WLVHYLGHQWIURPWKH¿JXUHWKDW
ERWKPRQLWRUVUHVSRQGHGLQDVLPLODUIDVKLRQ$UHDXQGHU
WKHLQGLYLGXDOZHOOGH¿QHGSHDNVDIWHUVXEWUDFWLQJWKH
background provides the total sky shine dose due to
WKH$U SOXPH for both the systems are calculated
DQGIRXQGWREHQHDUO\HTXDO$FRUUHODWLRQRILV
obtained between the individual measurements by the
WZRV\VWHPVFRQ¿UPLQJDJRRGOLQHDU¿W7KHVORSHRI
WKH OLQHDU ¿W LV  ZKLFK VKRZV WKDW WKH GRVH UDWHV
recorded by both the systems agree with each other.
AGDL

70

Dose Rate (uR/hr )

$ VWDQG DORQH HQHUJ\ ÀXHQFH PRQLWRU WXQHG WR 41$U
JDPPDHQHUJ\ 0H9 FDOOHG$)0LVGHYHORSHGLQ
56',*&$5WRGHWHFWVN\VKLQHGRVHUDWHGXHWRYHU\
ORZ FRQFHQWUDWLRQ RI$UJRQ SOXPH LQ WKH DWPRVSKHUH
7KHLQVWUXPHQWLVEDVHGRQ&V, 7O GHWHFWRUDQGXVHV
indigenous conditioning electronics for pulse processing
and controlling and data management through
application software.

Fig. 1 Autonomous gamma dose loggers and argon fluence
monitor in the field
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nvironmental radiation monitoring programme
has been carried out on 24X7 basis for more
than a decade using instruments like gamma tracer,
2QOLQH(*'/ HQYLURQPHQWDO JDPPD GRVH ORJJHUV 
DQG DXWRQRPRXV JDPPD GRVH ORJJHUV $*'/  7KH
instruments have been deployed in field locations
within the fenced complex of Kalpakkam site covering
9 wind direction sectors each of 22.5° on the land side
RIHPHUJHQF\SODQQLQJ]RQH (3= RI0DGUDV$WRPLF
3RZHU6WDWLRQ 0$36 7KHGDWDREWDLQHGIURPWKHVH
instruments are periodically compiled and monthly
reports are documented. The dose rate observed is
further analyzed by correlating with the meteorological
parameters of Kalpakkam site, in particular with wind
direction, which is used to corroborate the contribution of
VN\VKLQHGRVHGXHWR$USOXPHUHOHDVHGIURP0$36
stack. The real time data is used for back calculating the
source term in emergency response system. The dose
rate excess over environmental background recorded in
the monitors and correlated with wind direction and wind
velocity, is used as an input for the software module.
,Q RUGHU WR DVFHUWDLQ WKH H[FHVV GRVH FRQWULEXWLRQ E\
$USOXPHDVWXG\KDVEHHQFRQGXFWHGE\GHSOR\LQJ
DUJRQÀXHQFHPRQLWRU $)0 DQG$*'/DW:6&'IRUD
period of four months September-December, 2014 and
dose rates are recorded. The analysis of dose rate is
presented in this report.
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Fig. 2 Dose rate plot for (a) autonomous gamma dose
loggers and (b) argon fluence monitor in the field
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V.44

Validation of Source Term Module ASTER
in ONERS-DSS using the Routine Release of Ar-41

,

n the event of a nuclear accident where large quantities
of radioactive material are released to the environment
estimates of atmospheric release rates (source term)
of radioactive material is highly important for predicting
the consequences and mitigating radiological impact to
the public residing in the nearby areas by implementing
VXLWDEOHFRXQWHUPHDVXUHV$VRXUFHWHUPPRGHOFDOOHG
$67(5 $VVHVPHQWRI6RXUFH7HUPGXULQJ(PHUJHQF\
Response) is developed and implemented in the Online
Nuclear Emergency Response decision support system
(ONERS) for Kalpakkam site. This model is designed
based on the hypothesis that the measured dose at a
ground receptor (Ci) due to a released substance is a
IXQFWLRQ RI WKH VRXUFH HPLVVLRQ UDWH 4 LQ %TV  DQG
the dispersion factor (Di) between the source and that
receptor, as given below:

$ UDQGRP ZDON GLVSHUVLRQ PRGHO 63((', LV XVHG LQ
$67(5 WR FRPSXWH WKH GLVSHUVLRQ IDFWRU 'i i.e., dose
per unit release rate at a given receptor location
L  IRU D JLYHQ HPLVVLRQ VRXUFH OLNH 0$36 UHDFWRU
using the actual meteorological observations at the
site. This computed dose for unit release is then
inverted with measured doses at receptors to obtain
4 63((', LV FRQ¿JXUHG WR FRPSXWH SOXPH GLVSHUVLRQ
in a short distance range of 4.0 kilometres around
0$36 UHDFWRU XVLQJ UHDOWLPH REVHUYDWLRQV IURP WKH
PHWHRURORJLFDO WRZHU VLWXDWHG DW .DOSDNNDP VLWH $
set of 24 environmental radiation monitors comprising
HWKHUQHW EDVHG (QYLURQPHQWDO *DPPD 'RVH /RJJHUV
(*'/  DQG ZLUHOHVV $XWRQRPRXV *DPPD 'RVH
/RJJHUV $*'/  DUH LQVWDOOHG LQ WZR ULQJV RI UDGLL
 DQG  NLORPHWUHV GLVWDQFH IURP 0$36 WR FRYHU
various wind direction sectors (Figure 1).
$SRLQWNHUQHOFORXGLQWHJUDWLRQVFKHPHLVLQFRUSRUDWHG
LQ$67(5LQZKLFKWKHVLPXODWHGSDUWLFOHSRVLWLRQVDQG
location coordinates of detectors are used to compute
the gamma dose rates at various detector points. To
reduce the uncertainty in estimation, the program scans
the detectors which fall in a sector of ±15º of the actual
plume direction and computes source term at these
UHFHSWRUV DORQH $ VLPSOH VWDWLVWLFDO µ3LYRW¶ PHWKRG LV
LPSOHPHQWHG ZKLFK ¿UVW VRUWV WKH FRPSXWHG VRXUFH
term values in asceding order and then calculates pivots
;  7KH ¿QDO HVWLPDWH RI VRXUFH WHUP LV WDNHQ DV WKH
normalized sum of the lower (Xl) and upper (Xu) pivots
with the pivot depth (Xu-Xl).
The source-term module is validated using the continuous
release data on 41$UIURP0$36UHDFWRUIRURYHUGD\V

Fig. 1 Distribution of environmental gamma monitors

during 2014-2015. First the computed dose rates for
actual release rates of 41$UDUHFRPSDUHGZLWKGHWHFWRU
GDWD IRU YDULRXV SOXPH GLUHFWLRQV ,W KDV EHHQ IRXQG
that the computed dose rates agree with observations
within a factor of 2 and a correlation of R = 0.59.
The scatter plot of normalized values of computed
source term and actual values (Figure 2) indicates the
source-term is slightly underpredicted with a correlation,
bias and RME of 0.58, 0.152 units and 0.192 units
UHVSHFWLYHO\$ERXWRISUHGLFWHGVRXUFHWHUPYDOXHV
agree with the actual releases within a factor of 4 which
is a good estimate within the limits of uncertainties of
measurements and modelled plume distribution .
7KHGLႇHUHQFHEHWZHHQWKHFRPSXWHGDQGDFWXDOVRXUFH
term arises because of i) application of daily release
rates for comparison ii) distribution of environmental
PRQLWRUVLLL HႇHFWVRIEXLOGLQJVDQGWUHHFDQRSLHVZKHUH
some of the monitors are located. Presently the temporal
variation in the release data is not available. To reduce the
uncertainty in the source-term estimation it is proposed
to increase the number of detectors and populate them
evenly in all the wind direction sectors at the site.

Fig. 2 Comparison of normalized values of computed and
actual daily source term
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V.45

:DYH+HLJKW3UHGLFWLRQQHDU.DOSDNNDP&RDVW
XVLQJD1XPHULFDO0RGHO6:$1

C

oastal environment in the southeast coast is
frequently prone to cyclones, storm-surges and
extreme waves particularly in the post-monsoon
season. Extreme waves from tropical storms create
hazard both at the coast and at sea. Several factors
such as coastline geometry, basin topography and
VHDVRQDO ZLQG SDWWHUQ DႇHFW WKH KHLJKW DQG IHWFK RI
waves. Monitoring and prediction of ocean waves
along the coast is important for environmental safety
DW'$(VLWHV
$ QXPHULFDO RFHDQ ZDYH PRGHO FDOOHG 6LPXODWLQJ
:$YHV 1HDU 6KRUH 6:$1  KDV EHHQ LPSOHPHQWHG
for Kalpakkam site for the prediction of extreme waves
during stormy events to provide advance warning.
6:$1LVDSKDVHDYHUDJHG(XOHULDQPRGHOLQZKLFKWKH
wave evolution is formulated on a grid. The waves are
described with the 2D wave action density spectrum.
The evolution of wave spectrum is described by the
spectral action balance equation (1):

$ FUXFLDO SDUDPHWHU LQ ZDYH KHLJKW SUHGLFWLRQ LV WKH
RFHDQVXUIDFHZLQGV7KHZLQGVDUHREWDLQHGE\RႇOLQH
FRXSOLQJRI6:$1WRWKHRSHUDWLRQDOZHDWKHUSUHGLFWLRQ

Comparison of predicted SWH along with WRB
observations at Pondicherry (Figure 1) for the cyclone
Nisha shows that the model slightly underestimates
the wave heights but shows the observed trends of
JUDGXDO LQFUHDVH LQ 6:+ ZLWK LQWHQVL¿FDWLRQ RI WKH
storms. Results of predictions for eight fair-weather
and eight stormy events in all four seasons indicated
WKH6:$1VLPXODWHG6:+LVDERXWOHVVWKDQWKH
observed wave heights. Comparison of spatial wave
KHLJKWV IURP 6:$1 ZLWK JOREDO :DYH :DWFK PRGHO
SURGXFWVVKRZVWKDW6:$1SURGXFHVDPRUHUHDOLVWLF
wave pattern along the coast (Figure 2 ) which could
be due to high resolution and realistic winds from
:5) ,W LV VHHQ WKDW WKH 6:+ JUDGXDOO\ LQFUHDVHG
from 2 metre at initial stages of the storm to 7 metre
when the cyclone reached its peak intensity while
approaching the coast. Unlike WW3 in which the SWH
is symmetrically distributed around the storm centre,
WKHSUHGLFWHGPD[LPXP6:+LQ6:$1LVDOLJQHGLQWKH
north-northwest directed storm track along the coast
indicating a more realistic wave height simulation.
This validation exercise demonstrates the potential
XWLOLW\ RI 6:$1 LQ SUHGLFWLQJ WKH H[WUHPH ZDYHV QHDU
Kalpakkam coast.

Fig. 1 7LPHVHULHVRIVLPXODWHGVLJQL¿FDQWZDYHKHLJKWV
along with wave rider buoy data for cyclone Nisha on
November 24,2008

Fig. 2 6LJQL¿FDQWZDYHKHLJKWDORQJHDVWFRDVWGXULQJWKH
landfall of cyclone Nilam on 1800 IST
October 31, 2012

- (1)
+HUH1LVWKHDFWLRQGHQVLW\ (V), E is distributing
wave energy over frequencies V in propagation
direction T 8 LV WKH DPELHQW FXUUHQW 7KH ¿UVW WHUP
represents rate of change of action density, 2nd term
propagation of action in geographical space with
group velocity cg, 3rd and 4th terms shifting of relative
frequency due to variation in depths and currents and
the 5th term depth and current induced refraction. The
right hand side which contains ‘S’ is source or sink
that represents all physical processes which generate,
dissipate, or redistribute wave energy and non-linear
ZDYHZDYH LQWHUDFWLRQV 7KH VLJQL¿FDQW ZDYH KHLJKW
(SWH) can be obtained from the wave action in the
governing equation.
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PRGHO:5)7KHQHVWHGZDYHPRGHOLVFRQ¿JXUHGZLWK
a high resolution domain covering southeast coast
incorporating the bathymetry data at arc 30 seconds
IURP*HQHUDO%DWK\PHWU\&KDUWRYHU2FHDQV *(%&2 
GDWDEDVH 7KH 6:$1 PRGHO LV WHVWHG E\ SHUIRUPLQJ
simulations for a number of fair weather and stormy
HYHQWVLQGLႇHUHQWVHDVRQV7KHWLPHVHULHVRIVLPXODWHG
VLJQL¿FDQWZDYHKHLJKWV 6:+ DUHFRPSDUHGZLWKWKH
Wave Rider Buoy (WRB) observations situated near
Pondicherry and Tuticorin and the spatial distribution
of SWH are compared with operational global wave
watch 3 (WW3) model products.

BASIC RESEARCH

V.46

6LPXODWLRQRI$LUERUQH(ႉXHQW'LVSHUVLRQ
in a Tree Canopy using Open FOAM CFD

N

uclear plants are often surrounded by tree
canopies as a part of landscaping and green belt
development. Tree canopies generate turbulence in
WKH DWPRVSKHULF ÀRZ DQG FRQVHTXHQWO\ LQÀXHQFH WKH
transport and dispersion of air borne pollutants within
the canopies and their immediate vicinities. The degree
of turbulence generated depends on the height and type
RI WKH WUHHV DQG WKH GHQVLW\ RI WKH FDQRS\ ,QGLYLGXDO
trees create wakes where turbulence is mechanically
SURGXFHGDQGGLVVLSDWHGE\SDUWLDOÀRZWKURXJKWKHJDSV
EHWZHHQWKHWUHHV7RVWXG\WKHPHFKDQLFDOHႇHFWVRI
tree canopy on the dispersion and consequent ground
level concentration pattern from a ground level release
RI UDGLRDFWLYLW\ D &)' FRGH FDOOHG 2SHQ)2$0 LV
XVHG7KHPDLQWDVNRIWKLVVWXG\LVPRGHOOLQJWKHÀRZ
DQGGLVSHUVLRQWKURXJKSODQWFDQRSLHVLQ2SHQ)2$0
E\ LQFRUSRUDWLQJ WKH FDQRS\ GUDJ HႇHFW 7KLV FDQ EH
achieved in two ways. One is simplifying the problem
by porous body formulation and the second is by
considering the leaf area index to barometric canopy
drag. The second approach is implemented in the CFD
code. The momentum equation is incorporated with a
VRXUFHVLQNWHUPZKLOHWKHWXUEXOHQFHNLQHWLFHQHUJ\DQG
GLVVLSDWLRQHTXDWLRQVDUHPRGL¿HGZLWKGLႇHUHQWVRXUFH
sink terms respectively. The semi-empirical terms were
checked for dimensional consistency after introducing
necessary constants of proportionality. The Edaiyur site
RQWKHQRUWKHUQSDUWRI,*&$5LVFKRVHQWRUHSUHVHQW
the tree canopy. This site is often selected for tracer
gas and aerosol dispersion experiments. The north east
VHFWRURIWKHVLWHLVFRYHUHGZLWKDFDQRS\RIWUHHV,Q
2SHQ)2$0DGRPDLQRISODLQODQGLVGHVFULEHGZLWK
the tree canopy in an arc form (Figure 1).
The canopy is introduced in the domain in such way that
the leaf area index varies with height and the canopy
is represented at three layers with leaf area indices of
1.2, 4 and 2.5 respectively with height. Each layer is of
PHWUHKLJKDPRXQWLQJWRDWUHHKHLJKWRIPHWUH$
XQLIRUPZLQGSUR¿OHLVDVVXPHG PV DWWKHLQÀRZZKLFK
JHWVPRGL¿HGGXHWRWKHFDQRS\7KHZLQGSUR¿OHVZLWKRXW
canopy and in the presence of canopy are shown in Figure 2.
7KH YHUWLFDO ZLQG SUR¿OH VKRZV WKDW DW WKH VWHP DUHD

(a)

(b)

Fig. 2 Vertical profile of wind velocity (a) without canopy and
(b) in the presence of canopy

Fig. 1 Model domain of tree canopy in an arc on a plain land

the wind speed is rather same as that of the inlet (there
may be acceleration at the stem due to obstruction of the
stem, which leads to acceleration around the stem by
PDVVFRQVHUYDWLRQ $ERYHWKLVDUHDWKHUHLVDUHGXFWLRQ
in wind speed caused by the canopy drag.
Dispersion of a radioactive gaseous plume is simulated
assuming a ground level release at the lower left corner
of the domain. The spatial distribution of concentration at
the ground level is compared between canopy and non
canopy cases in Figure 3. When there is no canopy, the
FRQWRXUV VKRZ D FODVVLFDO *DXVVLDQ SOXPH GLVSHUVLRQ
SDWWHUQ,QWKHFDVHRIFDQRS\WKHGLVSHUVLRQLVHQKDQFHG
GXH WR WKH LQKRPRJHQHLW\ LQ WKH ÀRZ DQG DOVR GXH WR
VWURQJHUWXUEXOHQFH%\WKHFDQRS\HႇHFWWKHDUHDVZKLFK
are otherwise not expected to receive the concentration
DUHVHHQXQGHUWKHLQÀXHQFHRIWKHSOXPH7KHSOXPH
residence time also increased due to the canopy. However
the concentration decreased along the plume centre line.
Results suggest that in the presence of canopy more area
will be contaminated by the plume and over a longer time
compared to no-canopy case. The study is important
when ground level release of radioactive gases and
particulates occurs in a multi-facility site like Kalpakkam
where tree canopies are well developed.

(a)

(b)
Fig. 3 Ground level concentration in the case of (a) no
canopy and (b) for the case of canopy
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V.47

Distributional Characteristics of Nutrients
LQ$TXDWLF6XUIDFHPLFUROD\HU
DQG6XEVXUIDFH:DWHU

T

he surface microlayer (SML, uppermost 1-1000
μm layer), the interface between the atmosphere
and water is a highly productive and metabolically
active interface. SML is a highly efficient and
VHOHFWLYH PLFURUHDFWRU HႇHFWLYHO\ FRQFHQWUDWLQJ DQG
transforming materials brought to the interface from the
atmosphere and bulk water column. These processes
are very intriguing and important for pollution studies.
The complex interplay between biological, chemical
and physical processes regulates the nutrient
dynamics between SML and subsurface water column.
The distinctive physical and chemical characteristics of
SML can explain the diversity and abundance of species
in the SML as well as underneath SML. Designing
sampling device and sampling strategy for the SML
LV DOZD\V D PDMRU FKDOOHQJH ,Q YLHZ RI WKLV LW ZDV
planned to study the nutrient dynamics in the SML and
subsurface water of various aquatic bodies including
sea at Kalpakkam.
The SML sampling involved a glass plate of 60 × 60 cm
active surface. The plate was immersed vertically
through the water column all the way down to the holder
(i.e.) 60 cm deep. The plate was then hauled up from
the water at a speed of about 5-6 cm s-1 and the water
ZDVGUDZQRႇWRDZLGHPRXWKERWWOHIURPERWKWKHVLGH
of the plate using a neoprene wiper. To obtain about
100 ml of SML, 20-25 samplings were required.
SML of Kalpakkam coastal waters revealed
significantly high content of nitrogenous nutrients
in the microlayer sample than that of the subsurface water. Content of nitrate and total nitrogen
(TN) were about 10-12 times higher in the surface
microlayer (nitrate- 80.1; total nitrogen- 643.25 μmol l-1)
as compared to sub-surface samples (nitrate-7.42;
total nitrogen- 49.18 μmol l-1 $PPRQLDFRQWHQWVZHUH
DOVRVLJQL¿FDQWO\KLJKLQWKHVXUIDFHPLFUROD\HUVDPSOHV
(Figure 1). However, phosphate and silicate content
of SML and that of subsurface were almost similar.
Nutrient distribution in local water bodies viz. open
reservoirs (both old and new reservoir), KKM Lake and
Sadras backwater were also investigated. Marginally
high nitrate content was observed in the SML of the
old reservoir (OR), however, nitrate content in the new
reservoir (NR) SML was about 14 times higher than the
normal water sample (normal sample - 1.49 μmol l-1;
microlayer sample- 20.52 μmol l-1  $PPRQLD DOVR
showed a similar increase in microlayer samples in
ERWKWKHUHVHUYRLUVKRZHYHUGLႇHUHQFHEHWZHHQ60/
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and normal sample was higher (about 3 times) in the
old reservoir. Phosphate contents did not show any
VLJQL¿FDQWYDULDWLRQEHWZHHQ60/DQGWKHVXEVXUIDFH
samples in both the reservoirs. Total nitrogen and total
phosphorus followed the same trends as that of nitrate
and phosphate respectively. Silicate content was found
to be relatively higher in the microlayer samples at all
the three locations. Unlike the reservoirs, KKM lake
samples showed relatively low nutrient concentrations,
except silicate, in the microlayer samples as compared
to bulk water.

Fig. 1 Variations in total nitrogen, silicate, phosphate and
total phosphorus content in surface microlayer and
sub-surface samples of different water bodies in
and around Kalpakkam
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V.48

Characterization of Ultrasonic Transducers
E\%HDP3UR¿OLQJ0HWKRG

U

ltrasonic trasnducers, known as search units, are
the main devices in ultrasonic non-destructive
testing. Reliability of the test result, heavily depends
on the characteristics of the transducers used. The
$670 VWDQGDUG$ SURYLGHV WKH JXLGHOLQHV  IRU
evaluating characteristics of ultrasonic search units.
The procedures given in this standard are applicable to
manufacturing acceptance and inspection of new search
units or to periodic performance evaluation of search
units throughout their service life.
,QQRQGHVWUXFWLYHWHVWLQJGLႇHUHQWW\SHVRIXOWUDVRQLF
transducers are being employed. Over a period of
time, properties of the piezoelectric crystal implanted
LQ WKH WUDQVGXFHU PD\ GHWHULRUDWH ZKLFK DႇHFWV WKH
performance of the transducers and reliability of the
test results. Hence, a periodic characterization of
WKH WUDQVGXFHUV IRU WKH WLPH IUHTXHQF\ DQG SUR¿OH
characterizations as per accepted standards become
mandatory in many industries. Hence, with the help of
a fully automatic transdcuer characterization system, all
the commercial as well as in-house made transducers
are being subjected to characterization. The parameters
centre frequency, peak frequency, lower frequency,
higher frequency, frequency band width, wave form

(a)

(c)

GXUDWLRQ VHQVLWLYLW\ QHDU ¿HOG DSHUWXUH VL]H EHDP
spread (focus), focal length, focal spot size, depth of
¿HOGXOWUDVRXQGUHVSRQVH HFKRDPSOLWXGH VRXQG¿HOG
pattern etc. are evaluated.
These parameter are valuable in selecting a search unit
IRUVSHFL¿FDSSOLFDWLRQVDQGDQDO\]LQJWKHUHFHLYHGGDWD
,QWKHWUDQVGXFHUFKDUDFWHUL]DWLRQV\VWHPLWLVSRVVLEOH
to make the axial as well as cross sectional images
RIWKHXOWUDVRXQG¿HOGSDWWHUQVRWKDWWKHGLUHFWLRQDOLW\
and spread of the ultrasonic wave generated along
with all other parameters mentioned above can be
HYDOXDWHGRYHUDSHULRGRIWLPHGXULQJLWVOLIHVSDQ$[LDO
VRXQG ¿HOG SDWWHUQ RI D FRPPHUFLDO 0+] XQIRFXVHG
ORQJLWXGLQDOWUDQVGXFHULVVKRZQLQ)LJXUHD,WLVVHHQ
WKDWWKH¿HOGLQWHQVLW\GLVWXEXWLRQLVXQLIRUPDERXWWKH
D[LVDQGLWLVFRQ¿UPHGIURPWKHXQLIRUPFURVVVHFWLRQDO
intensity distribution shown in Figure 1b. These types
of search units are best suitable for non-destructive
testing. Figure 1c shows a non uniform distribution of
WKHVRXQG¿HOGSDWWHUQIURPDWUDQVGXFHUZKLFKFDQQRW
be employed in NDT. Corresponding cross sectional
intensity distribution is shown in Figure 1d. The sound
¿HOGSDWWHUQVWKDWSURSDJDWHIURPXOWUDVRQLFVHDUFKXQLWV
vary with frequency, size, shape, and design.

(b)

(d)

Fig. 1 (a) Uniform axial sound field intensity distribution of a transducer which can be employed for non-destructive testing,
(b) uniform cross-sectional intensity distribution, (c) non-uniform axial sound field intensity distribution of a transducer
which cannot be employed for non-destructive testing and (d) uniform cross sectional intensity distribution
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V.49

Development of Planar First Order Gradiometer
Coupled to HTS SQUID Sensor

T

KH6XSHUFRQGXFWLQJ4XDQWXP,QWHUIHUHQFH'HYLFH
648,' XVLQJKLJKWHPSHUDWXUHVXSHUFRQGXFWRUV
(HTS) is a promising sensor for the detection of
H[WUHPHO\ VPDOO FKDQJHV LQ  PDJQHWLF ¿HOGV LQ WKH
range of femto to pico. The development of gradiometer
EDVHG +76 648,' GHYLFHV LV HVVHQWLDO IRU SUDFWLFDO
applications in noisy environments in laboratory and
DW¿HOGVLWHVZKHUHLQVKLHOGHGURRPVDUHQRWSUDFWLFDO
Compared to low temperature superconductors (LTS)
648,'VHQVRUVEDVHGRQ1LRELXP ZKLFKUHTXLUHOLTXLG
helium temperatures for their operation), the use of
+76648,'VHQVRUVKDVDGYDQWDJHVZLWKUHVSHFWWR
the less stringent requirements on thermal isolation of
the sensor, simpler cooling system and the possibility
of minimizing the distance between the sensor at low
temperatures to the actual specimen under investigation
at room temperature. Here, the design and development
RI+76648,'DQG¿UVWRUGHUJUDGLRPHWHUFRXSOHGWR
+76 648,' VHQVRU XVLQJ KLJKO\ UHOLDEOH DGYDQFHG
micro-fabrication techniques such as deposition of
VXSHUFRQGXFWLQJWKLQ¿OPVE\SXOVHGODVHUGHSRVLWLRQ
3/' 89SKRWROLWKRJUDSK\DQG5)LRQEHDPHWFKLQJ
is reported.

The two pick-up loops in opposition constituting the
SODQDUJUDGLRPHWHUORFDWHGRQHLWKHUVLGHRIWKH648,'
had a line-width of 1 mm and an inner diameter of about
4 mm (Figure 2).
$OO WKH QHFHVVDU\ SKRWRPDVNV ZHUH GHVLJQHG DQG
fabricated in-house. Using photolithography and three
step etching process, the device geometries were
SDWWHUQHG 7KLV SURFHGXUH \LHOGHG VKDUS GH¿QLWLRQ RI
HTS planar gradiometers on 10 x 10mm SrTiO3 bicrystal
VXEVWUDWHV7KH648,'VHQVRUFRXSOHGWRDSODQDU¿UVW
order gradiometer was mounted at the end of a dip-stick
DQGWKHPHDVXUHG,9FKDUDFWHULVWLFVKRZHG5HVLVWLYHO\
6KXQWHG-XQFWLRQ 56- OLNHEHKDYLRXU0DJQHWLFÀX[ ĭ 
ZDVFRXSOHGLQWRWKHVHQVLQJDUHDRIWKH648,'XVLQJDQ
H[WHUQDOZLUHZRXQGFRLO7KH9ĭFKDUDFWHULVWLFVKRZHG
that voltage across the device was a periodic function
RIDSSOLHGÀX[ZLWKWKHSHULRGLFLW\RIDÀX[TXDQWXPĭo.
Modulation depth was measured at various applied
bias currents and the maximum modulation depth of
11.2 ȝ9KDVEHHQPHDVXUHGDWDQDSSOLHGELDVFXUUHQWRI
105 ȝ$ )LJXUH 

Voltage (PV )

7KH  IDEULFDWLRQ RI +76 648,' VHQVRUV RQ ELFU\VWDO
SrTiO3 (STO) substrates with 24° misorientation angle
LQYROYHVGHSRVLWLRQRIKLJKTXDOLW\<%&2WKLQ¿OPVE\
pulsed laser deposition technique with superconducting
transition temperature (Tc) above 90K and high Jc of
~106$FP2. Ten micron wide microbridges crossing
the bicrystal boundary were used as Josephson weak
links and were placed outside the slit washer. The
648,'KDGDQLQQHUVHQVLQJDUHDRIîȝPDQG
DQRXWHUVXSHUFRQGXFWLQJZDVKHURIîȝP
$¿UVWRUGHUSODQDUJUDGLRPHWHUZLWKWZRSODQDUORRSV
in opposition with the Josephson weak links in the form
of microbridges located at the Centre was designed.
)LJXUHVKRZV+76648,'IDEULFDWHGRQDELFU\VWDO
STO substrate.

Fig. 1 HTS SQUID fabricated on bicrystal substrate
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Fig. 2 Optical micrograph of gradiometric loop &
SEM image of bicrystal line
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Fig. 3 9ĭFKDUDFWHULVWLFVRI¿UVWRUGHUJUDGLRPHWHU
coupled to a HTS SQUID device
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VI.1

Deployment of Wireless Sensor Networks at IGCAR

W

ireless Sensor Network (WSN) consists of
spatially distributed autonomous sensors to
monitor physical parameters and to cooperatively pass
their data through the network to a main location. As
the need for WSN in future nuclear facilities is felt, the
development and deployment of WSN in and around
nuclear facilities has been initiated. Two of them are
briefed here.
WSN at FBTR Complex
Wireless Sensor Network has been deployed at FBTR
with twenty seven nodes for measuring temperature,
vibration, pressure signals etc. from various locations
of FBTR and interim fuel subassembly storage building
(IFSB) (Figure 1). The typical areas covered are:
VHFRQGDU\VRGLXPORRSVRGLXPÀRRGLQJ:DUG/HRQDUG
V\VWHP EORZHU FDELQ LQ WKH ¿OWHU URRP DQG UHDFWRU
containment building (RCB). Measurement systems
connected to WSN are:
 7HPSHUDWXUH PHDVXUHPHQW 7ZHOYH QXPEHUV RI
K type Thermocouples catered to secondary sodium
ORRSLQVLGH5&%DQGÀRRGLQJDUHDDUHFRQQHFWHGWR
WSN. Since the temperature signal conditioner has
the ability to accept multiple inputs, geographically
closer temperature signals are grouped to a single
WSN node
 9LEUDWLRQ PHDVXUHPHQW 9LEUDWLRQV RI EORZHUV
placed in the maintenance building & IFSB and
:DUG/HRQDUGV\VWHPVDUHPRQLWRUHGFRQWLQXRXVO\
by connecting eight numbers of vibration sensors
interfaced with WSN nodes
 $LU ÀRZ PHDVXUHPHQW$LU ÀRZ DW ,)6% YDXOW DQG
highbay are also being monitored using WSN. These
nodes are interfaced to sensor nodes using 4-20 mA
signal conditioner boards

power plant. For monitoring the radioactive material
movements in Kalpakkam Nuclear Complex, Area
Gamma Monitors (AGM) with local alarm facilities have
been placed at various entry/exit points. In order to
provide a centralized view and to have the record of
events for future analysis, WSN has been deployed.
WSN nodes were proficiently designed to protect
from rain without compromising on RF transmitting
and receiving power, thus making it apt for outdoor
GHSOR\PHQW(ႈFLHQWSRZHULQJRSWLRQVDUHSURYLGHGLQ
the nodes which can be powered through solar panel
or from the lamp poles with the battery backup for
48 hours.
Before deploying these nodes, site survey has been
FDUULHGRXWXVLQJGLႇHUHQWLQKRXVHGHYHORSHGQHWZRUNLQJ
WRROV OLNH :L6S\ =LJ%HH 6QLႇHU  IRU SODQQLQJ DQG
designing of the wireless network. Router nodes are
deployed with redundancy after careful examination of
link quality between the nodes. AGMs present in the
following locations are connected using wireless sensor
nodes: Main Gate (9 AGMs), IGCAR gate (2), Central
Stores (6), Kunnathur Gate (2) and one AGM each in
QRQUDGLRORJLFDOODEVEXLOGLQJVVXFKDV+%%06/0'/
4$'+$6/&'2DQG&:'
'HGLFDWHG:106KDVEHHQGHYHORSHGWRGLVSOD\WKH
radiation dose and topology of the network. It also
indicates the health status of individual nodes like
presence of RF link, power supply and AGM. Presently,
the WSN for radiation monitoring is functioning
successfully with 70 nodes. It collects data from
28 AGMs using 41 router nodes to transmit the dose
information with reliability to the base station kept at
health physics room of FBTR where it is manned 24x7.

 $PELHQW WHPSHUDWXUH DQG KXPLGLW\ PHDVXUHPHQW
To analyze the annual trend for temperature and
humidity across FBTR complex, these sensors are
installed and connected to WSN.
For WSN, the industrial grade nodes with IP54
metallic enclosures were used. Router nodes were
placed optimally to provide fault tolerance. Sensor
data collected by the base station are displayed and
analysed by the Wireless Network Management Station
(WNMS) at control room. Wireless network is operating
successfully for more than two years.
WSN for radiation monitoring
Radiation monitoring is an integral part of any nuclear
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Fig. 1 Node locations in FBTR wireless sensor network
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VI.2

Design, Construction and Commissioning
of 2 MIGD SWRO Plant at Kalpakkam

T

o augment the growing need of water requirements
RI '$( XQLWV DW .DOSDNNDP D VHD ZDWHU UHYHUVH
RVPRVLVGHVDOLQDWLRQSODQW 6:52 RIPK 0,*' 
capacity of potable water is designed, constructed and
FRPPLVVLRQHG'HVDOLQDWLRQRIVHDZDWHUXVLQJUHYHUVH
osmosis process is the most efficient desalination
process widely used all over the world owing to its low
VSHFL¿FHQHUJ\FRQVXPSWLRQSHUPHWHUFXEHRIZDWHU
produced and low capital cost. Necesssary regalatory
clearences from the various agencies were obtained.
7KH  0,*' SODQW LV GHVLJQHG ZLWK WKH VWDWH RI DUW
technology to meet the variable operation requirements
of 25 , 50, 75 and 100% of the plant capacity with
ORZ VSHFLILF HQHUJ\ FRQVXPSWLRQ  .ZKP  ).
The plant is environment friendly and designed
tR FRQILUP WKH UHTXLUHPHQWV RI ,62  7KH
Figure 1 shows the photograph of reverse osmasis
system.
The sea water intake for the plant is 1200 m/hr which
LVPHWIURPWKHH[LVWLQJLQWDNHV\VWHPRI1''33)%5
The in-feed sea water for the plant is stored in the
underground tank of 1200 m capacity located in the
1''3SUHPLVHV )LJXUH 
An automated electro chlorinator of 2.1 kg/hr capacity
chlorinates the in-feed sea water and controls the
biological growth. The feed water is pumped by
four pumps of 280 m/h capacity each and sent to
SUHWUHDWPHQWVHFWLRQFRQVLVWLQJRISUHVVXUHVDQG¿OWHUV
DQGXOWUD¿OWUDWLRQV\VWHP 8) WRUHPRYHWKHVXVSHQGHG
SDUWLFOHV7KHSUHWUHDWHGZDWHUZLWK6WLOW'HQVLW\,QGH[
6',   LV SDVVHG WKURXJK WKH WZR VWDJH UHYHUVH
RVPRVLV 52 PHPEUDQHVNLGVWRUHPRYHWKHGLVVROYHG
VDOWV )LJXUH 
7KH WRWDO GLVVROYHG VDOWV 7'6  DW WKH ILUVW VWDJH
DQG VHFRQG VWDJH 52 RXWOHW LV   DQG  SSP
UHVSHFWLYHO\ 7KH  P/h permeate water is further

Fig. 1 Reverse osmosis plant

treated through the lime stone columns and tKH7'6
LQWKH ¿QDO SURGXFWZDWHU LVDFKLHYHG  SSP7KH
SURGXFW ZDWHU TXDOLW\ LV FRQ¿UPLQJ WR WKH ,62 
standards.
7KHEULQHIURPWKH0,*'6:52SODQWLVGLVFKDUJHG
to the existing PFBR condenser outfall canal of
1.2 kilometer long leading to sea through a dispersion
system. The brine is thoroughly mixed and diluted with the
PFBR condenser out fall water before it enters the sea.
The plant is designed to operate with fully automated
3/&EDVHG6&$'$V\Vtems with provision for manual
intervention. The equipment, machineries and piping
related to the process & services are robust in design
and the construction material is used for manufacture of
WKHGLႇHUHQWV\VWHPVLQWKHSODQWLVSRSXODUDQGZLGHO\
used in desalination plants around the world. Broadly,
Glass reinforced plastic (GRP) material is used in the
ORZSUHVVXUHV\VWHPDQGGXSOH[VWDLQOHVVVWHHO '66 
with PREN>40 is used in the high pressure systems. The
equipments and piping were manufactured and tested
DVSHU$60(6(&9,,,'LYDQG$16,%
7RPLQLPL]HWKHVSHFL¿FHQHUJ\FRQVXPSWLRQSHUPHWHU
cube of water and to operate the plant at reduced costs,
GLႇHUHQWLQQRYDWLYHIHDWXUHVDUHLQFRUSRUDWHG$GYDQFHG
systems like Pressure Exchangers are used as Energy
recovery device to recover the hydraulic energy from
the high pressure reject stream and transfer the energy
WRORZSUHVVXUHIHHG9DULDEOH)UHTXHQF\'ULYHV 9)' 
are used in the High pressure and low pressure pump
drives to reduce the energy consumption.
The plant is designed, constructed and commissioned
E\0V7HFWRQ(QJLQHHULQJDQG&RQVWUXFWLRQ , 3YW/WG
&KHQQDLRQ'HVLJQ%XLOGDQG2SHUDWLRQDQG0DLQWDLQ
'%20  PRGH 7KH SODQW KDV RSHUDWHG VXFFHVVIXOO\
SURGXFLQJ SRWDEOH ZDWHU WR WKH GHVLJQ VSHFL¿FDWLRQ
7KHSODQWZLOOEHRSHUDWHGDQGPDLQWDLQHGE\WKH¿UP

Fig. 2 Reverse osmosis feed water
system

Fig. 3 Reverse osmosis membrane skids
to remove the dissolved salts
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VI.3

Sodium Technology Complex

I

t is necessary to augment the sodium facilities
to carry out functional testing of the reactor
components of future FBRs in simulated reactor
operating conditions. Improved designs of the
shutdown mechanism and the concept of the third
shutdown mechanism for future FBRs have to be
demonstrated with tests in air and sodium. Mapping
of core of future FBRs using prototype under sodium
XOWUDVRQLFVFDQQHU 86866 DUHDOVRWREHFDUULHG
out. A Sodium Technology Complex (STC) is thus
conceived to accommodate these testing requirements
IRUIXWXUH)%5VTXDOL¿FDWLRQRIGHVLJQPRGL¿FDWLRQRI
shutdown mechanism and for conducting experimental
studies in the area of sodium technology and sodium
instrumentation. STC is designed to have a facility
for sodium cleaning and disposal also. This building
LV EHLQJ FRQVWUXFWHG RQ WKH ZHVW VLGH RI WKH 8*&
complex in the northern site of IGCAR, Kalpakkam.

STC is a reinforced cement concrete frame cum
VKHDUZDOOVWUXFWXUHZLWKDWRWDOÀRRUDUHDRIP2.
The STC building consists of a large high bay of size
OHQJWK[ZLGWK[PHWUHKHLJKWDGXPSSLW
for positioning two Sodium Storage Tanks (SST) with
GLPHQVLRQVRI[[PGHSWKDQGPDWHULDO
storage area of size 12 m length x 8 m width x 15 m
height located on the eastern side of the building
adjoining the high bay. Steel structure supported on
reinforced cement concrete columns is planned for
the sodium facility within the high bay space.
STC is designed to withstand the environmental
ORDGV VXFK DV ZLQG ÀRRG DQG HDUWKTXDNH 'HVLJQ
EDVLVÀRRGOHYHO '%)/ IRU67&WDNHVLQWRDFFRXQW
a combination of tide, storm surge, rainfall as well
DV WVXQDPLV )LQLVKHG ÀRRU OHYHO ))/  IRU 67& LV
PHWUH$OOWKHFLYLOVWUXFWXUHVPLOGVWHHOVWUXFWXUHV
sodium components and piping are designed to
ZLWKVWDQGDGHVLJQEDVLVHDUWKTXDNHDVSHU,6
Key design basis process parameters of the sodium

(a)

(b)

Fig. 1 Photographs of STC construction site
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facility are maximum sodium temperature of 600oC,
argon cover gas pressure of 0.02 MPa in test vessels,
maximum sodium pressure of 0.9 MPa and sodium
velocity of 6 ms-1 with a design life of 40 years.
The documents pertaining to STC were reviewed
by various safety committees and clearances for
construction of STC building and manufacture of the
components for the sodium facility was obtained.
STC will house a large non-radioactive experimental
sodium facility with three test vessels of capacity 8,
18 and 66 m VRGLXP SXUL¿FDWLRQ V\VWHP VRGLXP
heating and cooling system, Electromagnetic pump of
50 m/h capacity for circulating sodium, dedicated
sodium cleaning, and disposal facilities. Sodium test
vessel-1 of one metre and sodium test vessel-2
of one and half metre diameter are for testing of
shut down mechanisms and any other slender
FRPSRQHQWV RI IXWXUH )%5V 6RGLXP WHVW YHVVHO
RIVL[PHWUHGLDPHWHULVXVHGIRUWHVWLQJRI86866
Total sodium requirement for the sodium facility in
STC for carrying out various experiments is around
WRQQHV7ZRYHUWLFDOVWRUDJHWDQNVRI66/1
material each of capacity of 50 tonnes are planned
for storing this sodium. Process design, loop layout,
SURFHVVÀRZVKHHWPHFKDQLFDOGHVLJQRIFRPSRQHQWV
steel structure, electrical, instrumentation and control
systems for STC have been completed and reviewed
by an expert committee.
The excavation for the foundation of the substation
and high bay building of STC have been completed
to a depth of 9.5 metres and the construction work
on the substation, foundation of the building is under
progress.
The concreting of the raft, main pillars, walls of the
SLW IRU VRGLXP VWRUDJH WDQN XS WR  PHWUH RI ÀRRU
OHYHO DQG URR¿QJ RI VXEVWDWLRQ EXLOGLQJ KDYH EHHQ
completed. Figure 1 show the photographs of STC
construction site.

(c)
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VI.4

Design and Development
of Indigenous High Volume Air Sampler

T

owards indigenization of radiation monitoring
instruments, developmental activities have been
taken up and as part of this, an indigenous portable high
volume air sampler was developed in collaboration with
industry (Figure 1).
Portable high volume air samplers are being used in
nuclear facilities for the collection of air samples at
workplaces, to estimate the air activity levels. These
DLUVDPSOHUVQHHGWRKDYHDYHU\ODUJHÀRZUDWHRIXSWR
1000 lpm to ensure a representative air sample of the
DUHDEHLQJPRQLWRUHG2QO\DIHZPDQXIDFWXUHUVLQWKH
ZRUOGRႇHUSRUWDEOHKLJKYROXPHDLUVDPSOHUVDQGWKHVH
PDQXIDFWXUHUVDUHLQWKH86DQG-DSDQ2IWKHVHWKH
86PDNHDLUVDPSOHUV WUDGHQDPH6WDSOH[ DUHXVHG
ZRUOGRYHULQYLHZRIWKHLUODUJHÀRZUDWHDVFRPSDUHG
to the other sampler and their ruggedness. No standard
Indian equivalent is available in the market.
In house studies were made which included the
evaluation of the performance of the presently available
air sampler, compatibility of the instrument with the
monitoring environment etc., and internal discussions
were held with the users of the air samplers, regarding
DGGLWLRQRIIHDWXUHVPHHWLQJXVHUUHTXLUHPHQWOLNHÀRZ
rate adjuster etc. The constructional drawing submitted

Table1: Results obtained from imported
and indigenous air samplers
Gross D

*URVVȕ

DȕUDWLR

Imported

12.25

14.8

1.21

Indigenous

12.66

14.89

1.18

Imported
(centripeter)







Indigenous
(centripeter)



4.56



and comparable to the imported sampler. It was further
observed that the natural activity rejection, which is
essential for the precise estimation of air activity, of the
new sampler with centripeter head was also satisfactory.
and comparable to the imported sampler. The results
suggest that the indigenous sampler can be used for
FROOHFWLRQRISDUWLFXODWHVLQ¿OWHUSDSHUVWRHVWLPDWHWKH
gross beta and gamma particulate air activity. Thus, the
portable high volume air sampler, which is indispensible
for any nuclear facility has been successfully indigenized.
Some of the results obtained are given in Table 1.

by the fabricator was vetted and approved by a quality
assurance engineer. Field trials were conducted and
necessary feedback and suggestions were given. The
requirements were taken into consideration for design
DQGDIWHUFRQ¿UPDWLRQSURWRW\SHZDVPDGH7KH¿QDO
product was tested by using standard procedures for
HVWLPDWLQJWKHWUXHÀRZUDWHRIWKHVDPSOHU)RUWKLVD
VWDQGDUGNLWFRPSULVLQJRIDFDOLEUDWLRQRUL¿FHDVHULHVRI
UHVLVWDQFHSODWHVIRUUHJXODWLQJGLႇHUHQWÀRZUDWHVDQGD
water manometer calibrated in an National Accreditation
%RDUGIRU7HVWLQJDQG&DOLEUDWLRQ/DERUDWRULHV 1$%/ 
DFFUHGLWHGODERUDWRU\ZDVXVHG7KHÀRZUDWHLQGLFDWHG
in the rotameter and the true flow rate estimated
experimentally were matching within ± 5% margin.
Subsequently, the sampler was tested extensively at
facility environments available viz,. FBTR, Chemistry
*URXSDQG&25$/DQGLWVSHUIRUPDQFHZDVFRPSDUHG
with the imported sampler. In all the three locations,
the performance of the indigenously developed portable
high volume air sampler was found to be satisfactory

Fig. 1 Photo of indigenously developed air sampler
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VI.5

Development of Superconducting based Level
Sensor for Liquid Helium Level Measurements

T

o measure the level of the liquid helium in
WKH H[SHULPHQWDO FU\RVWDW RU 'HZDU LPSRUWHG
superconducting level sensors are presently being
used but are relatively expensive. In view of this,
experimental work related to design and development
of the superconducting level sensor based on niobiumtitanium (NbTi) superconducting wire was undertaken. If
a long length of straight NbTi wire is partially immersed in
liquid helium, part of the wire having a temperature below
9 K will have zero resistance and hence the measured
resistance of the wire arises from the part of the wire
having a temperature above 9 K. If suitable current is
SDVVHGWKURXJKWKHZLUHUHVXOWLQJLQ-RXOHORVVHVLQWKH
resistive part of the wire, poorer heat transfer in the
vapour phase above the liquid helium level ensures
that the part of the wire above the liquid helium level
LVLQWKHQRUPDOVWDWHZKLOHDQHႈFLHQWKHDWWUDQVIHULQ
the liquid phase ensures that the part of the wire below
the liquid helium level is in the superconducting state.
Measured resistance of the wire (high when the liquid
level is low) is a linear function of the liquid helium level
under these circumstances.

152

above the liquid helium level with a view to ensure
that the part of the wire in the gaseous helium region
above the liquid helium level is in the normal state
while the part of the wire below the liquid helium
level is in the superconducting state. In the present
study, we have chosen the active length of the liquid
KHOLXP OHYHO VHQVRU WR EH  PP 7KH RQH VLGHG
PCB sheet has been cut with a length of 450 mm
DQGDZLGWKRIPP7KHWKLQ¿OPRIFRSSHURQWKH
PCB has been retained in a selected region while
WKHUHPDLQLQJFRSSHUWKLQ¿OPRQWKH3&%KDVEHHQ
removed by etching or milling. The superconducting
wire with the PCB strip has been inserted into a thin
walled stainless steel tube for mechanical protection
in such a way that the bare superconducting wire has
no physical contact with the stainless steel tube.

$VLQJOH¿ODPHQWLQVXODWHG1E7LZLUHHPEHGGHGLQD
copper matrix with an overall diameter of 50 μm has
been taken for the fabrication of the level sensor. The
diameter of the bare NbTi wire is about 25 microns
after the outer copper is completely etched. The
reason for choosing such a thin superconducting
wire is that the resistance of the wire in the normal
state is very high so that the liquid helium level can
be measured with greater accuracy and the wire itself
can act as a heater to heat the part of the wire just

The level sensor has been initially characterized
WR ¿QG RXW WKH RSWLPXP H[FLWDWLRQ FXUUHQW 7KH 9,
characteristic of the sensor has been measured with
the superconducting level sensor immersed in liquid
KHOLXPIRUGLႇHUHQWGHSWKVDWDQLQWHUYDORIHYHU\PP
(Figure 1). Then the resistance of the wire has been
UHFRUGHGIRUGLႇHUHQWOHYHOVRIOLTXLGKHOLXPLQWKHGHZDU
by keeping the excitation current of 40 mA constant. The
resistance of the wire is found to decrease linearly as
the liquid helium level increases. The experiment has
EHHQUHSHDWHGIRUGLႇHUHQWH[FLWDWLRQFXUUHQWVUDQJLQJ
IURP  WR  P$ ,Q DOO FDVHV WKH UHVLVWDQFH RI WKH
sensor over the active length was found to be identical
for a given liquid helium level as shown in Figure 2. The
sensitivity of the home built liquid helium level sensor
has been estimated to be about r 1 mm.

Fig. 1 V-I characteristics of the superconducting level
sensor for different liquid levels

Fig. 2 The total resistance of the superconducting wire at
different liquid levels
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VI.6

Development of Indigenous Plutonium
in Air Monitor

/

iquid Metal Cooled Fast Breeder Reactors use
large amounts of plutonium in powder form during
reprocessing of the spent fuel and re-fabrication of
the plutonium obtained into fresh fuel. The potential
inhalation hazard from plutonium airborne contamination
is a major risk in such facilities. In many plants,
especially those with extensive use of glove boxes,
plutonium release may take place over extremely small
time intervals, with long periods when no release is
seen. Conventionally, continuous air monitors using
ZnS(Ag) detectors are used where one gets gross alpha
radionuclide concentration in air and the detection limits
obtained are much higher compared to that of the limits
UHTXLUHG)XUWKHUFRQ¿UPDWLRQRIDQ\UHOHDVHGHSHQGV
XSRQRႉLQHFRXQWLQJRIWKHFRQWLQXRXVDLUPRQLWRU¿OWHU
SDSHUVDIWHUJLYLQJVXႈFLHQWWLPHIRUGHFD\RIQDWXUDO
radioactivity. Thus it is essential to have dedicated
plutonium in air monitors (plutonium continuous air
monitors) in which spectrometric information is obtained
and plutonium concentration in the environment is
GHULYHGEDVHGRQUHJLRQRILQWHUHVWV 52, RUUHVSRQVH
function making the instrument capable of detecting
much lower air concentrations (very near to the limits)
than the gross alpha based systems. Considering the
quantities handled in reprocessing and fuel fabrication
plants, plutonium continuous air monitors becomes
a critical component of the air monitoring program in
the working environment. Inadequate number of such
HTXLSPHQWZRXOGOHDGWRVDIHW\LVVXHVDQGFRXOGDႇHFW
the progress of the programme. Presently, very few
foreign vendors supply reliable plutonium in air monitors.
([SHULHQFHLQYDULRXV'$(XQLWVKDVVKRZQWKDWWKHVH
monitors have problems in operating in our working
environment.
In view of the above, an urgent need arises for the
indigenous manufacture of plutonium continuous air
monitors. This report details the development carried
out jointly by IGCAR and BARC in this regard.
Principle
7KH DLU LQ WKH HQYLURQPHQW LV VDPSOHG XVLQJ D ¿OWHU
head and the dust along with any radioactive aerosol
LV OHIW EHKLQG LQ WKH ¿OWHU SDSHU 7KH GHWHFWLRQ XQLW
consisting of an ion implanted Silicon detector (used for
DOSKDVSHFWURPHWU\ ZLWKDSUHDPSOL¿HUSRVLWLRQHGMXVW
DERYH WKH ¿OWHU SDSHU DQG DQ\ DOSKD SDUWLFOH HPLWWHG
in that direction would register in the detector. The
detector pulses are processed and the output is sent
WR D 86% SRUW  N PXOWLFKDQQHO DQDO\]HU ZKLFK VRUWV

Fig. 1 Indigenous plutonium continuous air monitors

RXW WKH SXOVHV E\ HQHUJ\ 7KH SXOVHV GXH WR DUWL¿FLDO
radionuclides would have energy in the range of 4.5 to
0H9+RZHYHUWKHVHSXOVHVZRXOGEHVXEPHUJHG
by the tailing of pulses due to the naturally occurring
radionuclides – daughter products from the uranium and
thorium series – and hence require complex algorithms
and peak stripping procedures to obtain the number
RISXOVHVGXHWRDUWL¿FLDOUDGLRQXFOLGHV7KLVKDVEHHQ
carried out using in-house developed algorithms (based
RQGLႇHUHQW52, DVZHOODVVSHFWUXP¿WWLQJPHWKRGV
The data acquisition system receives the raw data
from the multichannel analyzer and executes both
the algorithms. Based on the analysis, it generates
alarm and displays the processed data, raw spectrum
and accumulated spectrum locally and also stores the
data. At the same time, all the data are transmitted to
the remote personal computer through Ethernet for
alarm and display. The alarm limits can be con¿JXUHd
locally as well as through remote personal computer on
authentication. All the modules were individually tested
and integrated. The assembled plutonium continuous
air monitors shown in Figure 1, was successfully tested
DQGFDOLEUDWHG7KHXQLWLVFXUUHQWO\GHSOR\HGLQWKH¿HOG
for long term testing.
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VI.7

Seismic Stability Assessment of Nuclear Components
using 100 tonnes Shake Table

T

o meet the growing demand for the seismic
qualification of safety related structures,
systems and components of nuclear power plants,
a high capacity (100 tonnes) multi axial seismic
test facility has been installed and commissioned.
The system consists of a large stiff square table
(6 × 6 × 1.8 metre depth) connected to eight number
of hydraulic actuators (4 in vertical direction and 4 in
horizontal directions). These hydraulic actuators are
powered by 2MWe hydraulic power pack consisting
of 9 motor-pump sets which circulate around
15000 liters of oil to produce the required eneregy to
excite the 100 tonnes specimen up to 1.5 g acceleration
in the frequency range of 0.1 to 70 Hz. The shake table
system is installed on a large isolated seismic mass
structure, made of 4000 tonnes of reinforced concrete
as shown in Figure 1. This six degree freedom system
LV FRQWUROOHG E\ D KLJK SUHFLVLRQ 38/6$5 FRQWUROOHU
which can accurately reproduce the desired vibration
signals on the shake table by closed loop control using
feed back signals received from the accelerometers,
differential pressure sensors and position sensors.
The motion of the hydraulic actuators are controlled by
 VWDJH VHUYR YDOYHV PRXQWHG RQ HDFK DFWXDWRU
The system can perform various vibration tests such
as frequency sweep, continuous sine, random and
tri axial earthquake simulation tests. The required
earthquake input excitaion can be in the form of response
spectrum, time histories or power spectral density. The
dynamic responses of the specimen during the base
excitation is captured by high precision sensors such
DV DFFHOHURPHWHUV VWUDLQ JDXJHV DQG /9'7V ZKLFK
are connected to a 64 channel data acquisition system
equipped with data processing and analysis softwares.
6HLVPLFTXDOL¿FDWLRQRIVSHQWIXHOWUD\V
Spent Fuel Storage Facility (SFSF) at Tarapur has been
designed, constructed & commissioned for handling and
storage of 1200 tonnes of PHWR fuel bundles in a stack
RIWUD\VZKLFKDUHSODFHGDURXQGORFDWLRQVLQWKH
spent fuel pool. It was proposed to increase storage
capacity of the pool to 1600 tones by stacking up to
40 trays. The main concern to be addressed before
increasing the capacity of the spent fuel pool is the
stability of the storage trays during a postulated seismic
event. To assess the stability of the storage trays kept
in the spent fuel pool, shake table experiments were
performed on 100 tonnes capacity multi axial earthquake
shaking table at IGCAR by simulating the earthquake
154

Fig. 1 High capacity seismic shake table

vibrations corresponding to safe shutdown earthquake
(SSE) of Tarapur.
Full scale shake table testing of two stacks of 40 spent
fuel trays, containing dummy bundles submerged in water
LQWKHWHVWWDQNZLWKGLPHQVLRQV[[PHWUH
height were carried out. The dummy bundles were
made of mild steel rods of 80 mm diameter. Water
level was maintained at 1.2 metre above the top trays.
,QLWLDOO\WKHVSHFL¿HGJDSRIPPZDVPDLQWDLQHG
between two stacks similar to actual Spent Fuel
Storage Facility pool. The test tank was surrounded
by dyke wall of dimensions 6.0 x 6.0 x 1.0 metre
height to safeguard electronic system of shake
table against splashes of water during testing. Total
weight of tank including water, trays and bundles
was approximately 57 tonnes. Three underwater
uni-directional accelerometers were provided on the
top tray of each stack to capture accelerations in three
orthogonal directions. Two tri-axial accelerometers were

Fig. 2 Matching of RRS and TRS
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(a)

(b)

Fig. 3 Exitation (a) acceleration and (b) displacement along X direction

installed on outside of the test tank; one at the bottom
and another on the top of the tank. Biaxial strain gauges
were pasted at the bottom of the tank.
7KHVWDFNVRIWUD\VZHUHTXDOL¿HGIRUGHVLJQUHVSRQVH
spectra of Tarapur site. Spectrum compatible time
histories are generated such that the Test Response
Spectrum (TRS) envelops the Required Response
Spectrum (RRS) from 0.1 Hz in lower side and up to
100 Hz in Higher side. The matching of RRS and TRS
is shown in Figure 2. The time histories of acceleration
and displacement along X direction are shown in
)LJXUHV D DQG E  UHVSHFWLYHO\ GHPRQVWUDWLQJ WKH
capability of the system to reproduce the input signals
accurately meeting both low and high frequency
requirements for displacements and accelerations.
Tests were conducted in steps with acceleration levels
DVDQG¿QDOO\RIWKHGHVLJQH[FLWDWLRQ
A number of tests were carried out at 0.2g PGA i.e at
100% of RRS and responses were captured by under
water accelerometers and strain gauges and video
camera. The response of the tank during testing is
shown in Figure 4.

Fig. 4 Seismic testing of spent fuel trays

The following are the important aspects and observations
of the above test series. Clear distance of 150 mm
maintained between two stacks got diminished on
upper part during the initial tests conducted for 25% and
50% of target PGA. Subsequent tests were conducted
without re-adjusting the gap between the stacks. No
toppling of stacks was observed and there was no lifting
or falling of dummy fuel bundles from the top trays. The
movement of the tray stacks were in phase but touching
of top trays was observed during the tests for 75% and
100% of target PGA, as evident from the under water
accelerometer response histories, a sample of which is
shown in Figure 5
From the analysis of the response behaviour of the
tray stacks, it can be concluded that stack of 40 trays
immersed in the water pool is stable and no lifting of
fuel bundles from the top trays is obsrved. Probability
for large level water splashing from the storage pool is
very low. Hence, there is no safety concern in stacking
40 trays in spent fuel pool of Tarapur Spent Fuel Storage
Facility.

Fig. 5 Response of underwater accelerometers kept on
tray top
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VI.8

CAD-augmented Control of a Robotic Arm
for Remote Work-site Operations

A

ugmented Reality (AR) can enhance the control
and operation of robots used in nuclear facilities
for carrying out complex inspection, maintenance and
UHSDLUWDVNV7KHXVHRI&RPSXWHU$LGHG'HVLJQ &$' 
based AR brings digital (virtual) information to the
real-world scenario combined with video streaming from
the remote work-site. The information conveyed by the
virtual objects helps the operator to perform real-world
WDVNV7RZDUGVWKLVDSURWRW\SH&$'DXJPHQWHGV\VWHP
has been developed for remote tele-operation of a
'HJUHHVRI)UHHGRP '2) URERWLFDUP

A robotic arm has been fabricated with aluminum
links and assembled with two corresponding revolute
joints, actuated by high torque servo motors (1.5 Nm
DW 9  7KHVH VHUYR PRWRUV SURYLGH SRWHQWLRPHWHU
feedback for closed loop control. An ATmega2560 8-bit
microcontroller is used for actuation and control of the
robot joints.
A digital camera captures the real-time video frame
of the robotic arm at remote work-site. Marker based
registration is done to identify the base point on the
VFHQH XVLQJ D FKHVVERDUG SDWWHUQ DV LGHQWL¿HU
ZLWK PRGXOHV GHYHORSHG ZLWK 2SHQ &RPSXWHU 9LVLRQ
2SHQ&9  6RIWZDUH OLEUDULHV DUH EXLOW ZLWK 2SHQ
*UDSKLFV /LEUDU\ 2SHQ*/  IRU JHQHUDWLQJ WKH YLUWXDO
graphic model of the robotic arm for subsequent
rendering and embedding of the model over the realWLPH YLGHR IUDPH WR JHQHUDWH WKH &$'DXJPHQWHG
control interface. The complete scheme of the interface
is shown in Figure 1.
The operator manipulates the virtual robot on the
&$'DXJPHQWHGFRQWUROLQWHUIDFHDVUHTXLUHGIRUWKH
UHPRWHZRUNVLWHWDVN'LUHFWJHRPHWULFWUDQVIRUPDWLRQV
update the position and orientation of the virtual robot.
The operator validates the virtual robot path sequence

Fig. 2 Integrated set-up for CAD-augmented system for
remote tele-operation of robotic arm
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Fig. 1 Scheme of CAD-augmented system for remote
tele-operation of robotic arm

and the joint position information is received by the
microcontroller for subsequently driving the joint
motors of the remote work-site robot using pulse width
modulation (PWM) signals. The complete integrated
VHWXS IRU &$'DXJPHQWHG V\VWHP IRU UHPRWH
WHOHRSHUDWLRQRI'2)SODQDUURERWLFDUPLVVKRZQLQ
Figure 2.
The video frame captures the robotic arm within the
YLHZ LQEODFN)LJXUH DQGDOVRDXJPHQWVWKHVFHQH
XVLQJWKHYLUWXDOURERW ZLUHIUDPHLQ\HOORZ)LJXUH 
In order to perform the tele-operation of the robot arm,
the operator contols the robot arm joint movements in
steps of 5º.
7KH &$'DXJPHQWHG FRQWURO LQWHUIDFH EDVHG RQ $5
principles enriches the operator’s perception and
interaction with the real-world, along with improved
safety. The task simulation reduces collision errors,
and prevents the robot from reaching undesirable
FRQ¿JXUDWLRQV7KHGHYHORSHGPRGXOHZLOOEHKHOSIXOWR
RSHUDWRUVIRUUHDOWLPHYHUL¿FDWLRQDQGHUURUFRUUHFWLRQ
of the desired robot movements in cluttered remote
work-sites.

Fig. 3 The AR output of the robot with control command,
“rotate 30º for base joint”, seen on the operator control
console
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VI.9

,GHQWL¿FDWLRQDQG4XDQWL¿FDWLRQRI5DGLRDFWLYLW\
Levels in Water Bodies Located within
Kalpakkam DAE Complex

A

study was undertaken to generate and
document the data regarding the radioactivity
levels in water bodies located in the common
DUHDV RI '$( FRPSOH[ DW .DOSDNNDP  7KH ZRUN
LQYROYHG LGHQWL¿FDWLRQ RI ZDWHU ERGLHV VXFK
as bore wells, open wells, lakes/ponds and reservoirs
located within the common areas of the complex
and subsequent sampling and analysis. There are
 ERUH ZHOOV  RSHQ ZHOOV  UHVHUYRLUV  VXPS
and 6 ponds/lakes located within the complex. The
ZDWHU ERGLHV ZHUH LGHQWL¿HG DQG WDJJHG XVLQJ *36
The locations of these water bodies are given in the
Figure 1. Collection and analysis of water samples for
gross alpha and gross beta activities were carried out
in accordance with Indian standard – ‘Radionuclides
in environmental samples-methods of estimation
for Water samples’ and using calibrated equipment.
Analysis for tritium concentration in the water samples
ZDVHVWLPDWHGXVLQJ/LTXLG6FLQWLOODWLRQ6\VWHP /66 
For gross alpha and gross beta activity estimation,

water sample was plancheted by evaporation technique
and the planchette was counted in a calibrated counting
V\VWHP$FFRUGLQJWR:RUOG+HDOWK2UJDQL]DWLRQ :+2 
guidelines screening levels for gross alpha and gross
beta are 0.5 and 1.0 Bq/l respectively and guidance
levels for tritium is 10,000 Bq/l. Regular consumption of
water, whose gross alpha, gross beta and tritium levels
are within the screening and guidance levels, would
UHVXOWLQ,QGLYLGXDO'RVH&ULWHULRQ ,'& QRWH[FHHGLQJ
 P6Y\ 7KH 0LQLPXP 'HWHFWDEOH $FWLYLW\ 0'$ 
value for the alpha and beta counting systems, were
DQG%TOUHVSHFWLYHO\7KH0'$YDOXHIRUWKH
/66ZDV%TO,WZDVREVHUYHGWKDWWKHJURVVDOSKD
and gross beta activity levels and tritium concentration
levels in all the samples were well within the screening
OHYHOV DQG JXLGDQFH OHYHOV UHFRPPHQGHG E\ :+2
This suggests that the radioactivity level in water
samples collected from common areas of Kalpakkam
'$(FRPSOH[GRHVQRWFDXVHDQ\FRQFHUQ

Name of the Location
1 - PRP Borewell-1
2 - PRP Borewell-2
0DLQ*DWH%RUHZHOO
4 - Main Gate Borewell-2
0DLQ*DWH%RUHZHOO
6 - Main Gate Borewell-4
7 - IGCAR Gate borewell
8 - KKM west borewell
9 - KKM Borewell
10 - Two borewells
Edaiyur

16 - CWCP well-2
&:&3ZHOO
18 - CWCP well-4
&:&3/DNH
3RL\DNDUDL/DNH
:,3/DNH
/DNH(GDL\XU%ULGJH
West
/DNH(GDL\XU%ULGJH
East
24 - Kunnathur Borewell-1

+$6/2SHQZHOO

25 - Kunnathur Borewell-1

65,2SHQZHOO

26 - Kunnathur Borewell-1

$GPLQ2SHQZHOO

27 - Kunnathur Borewell-1

14 - Nursery open well

28 - Pond KKM gate

15 - CWCP well-1

29 - Palar Reservoir

Fig. 1 Location of the water bodies
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VI.10 Migration of Radioactivity within a Building
of Several Interconnected Rooms

I

GCAR has a number of active facilities and it handles
active elements and gaseous chemicals with utmost
care. In the event of an accidental release of any
radioactive aerosol/ toxic gas inside a laboratory, it will
be transported due to the mixing of air caused by the air
circulation systems. Moreover, if the said room is a part
of a building with interconnected rooms, the pollutant will
migrate from one room to the other by the circulation of
indoor air. This may pose a serious issue related to the
safety of the operating personnel and thus a detailed
analysis is required.
Theoretically, it is possible to address the problem by
solving the Navier-Stokes equation for the entire building
but in reality, this is an impossible task because of the
constraints of computer memory. So a computational
strategy is adopted to address this issue. For an isolated
room, one can solve conservation equations (mass,
momentum, energy) for a given distribution of internal
REMHFWVWRJHWWKHFRQFHQWUDWLRQSUR¿OHRIWKHSROOXWDQW
DVDIXQFWLRQRIVSDFHDQGWLPH2QWKHRWKHUKDQGLI
the room is part of a building with several rooms which
are connected by the circulation of indoor air and the
aim is to simulate the migration in the whole building,
one has to resort to a Box Model approach. Here, every
room of the building is represented by a box and thus the
total building is considered to be a collection of boxes.
The assumption is that the contaminant entering a box
mixes immediately with the air already inside the room
and so the concentration of the pollutant inside a box is
uniform everywhere. This means that there is no spatial
distribution of the concentration of the pollutant inside
a room. When there is no air mixture present within the
room, this assumption may not be a very accurate one
but still it gives a reasonably good estimation of the

FRQFHQWUDWLRQ 2QH LPSRUWDQW SRLQW LV WKDW WKRXJK WKH
approach seems to be a gross one, it always provides
a conservative estimate which is very important from
the safety point of view. Figure 1a shows a schematic
picture the Box Model for an isolated room. The equation
JRYHUQLQJ WKH WLPH GHSHQGHQW FRQFHQWUDWLRQ SUR¿OH
inside a single box is given below.
G A· §
GA
§
·
C ¨ Co 
 ¨ Ci 
 Co ¸ e J t
¸
Q ¹ ©
Q
©
¹
Here, J denotes the air exchange rate and Ci is the initial
concentration. With these assumptions, a building with
four identical interconnected rooms and one lobby has
been modeled. The schematic picture of the building is
shown in Figure 1b. The dimensions of all the rooms are
5 x 4 x 4m while the same of the lobby is 10 x 2 x 4m.
,QHDFKURRPDLULVÀRZLQJLQWKURXJKDQ$&DWDUDWH
of 0.1 m/sec. Now 90% of the indoor air of a room is
sucked by the AC unit and 10% is leaking to the lobby.
2QWKHRWKHUKDQGRILQOHWDLULVFRPLQJWRDQ\URRP
IURPWKHOREE\DQGDIUDFWLRQRIRILQÀRZLQJDLULV
SXPSHGE\WKH$&IURPRXWVLGHDWPRVSKHUH8QGHUWKLV
condition, a gaseous pollutant leaks continuously in the
Room A at a rate of 1gm/hr. A simulation of the accidental
case has been carried out using the Box Model approach
and the result is shown in Figure 2. It can be seen that
the maximum concentration is observed in Room A. It is
followed by the same in the lobby. The concentrations in
DOORWKHUURRPV 5RRP%&' DUHVDPH$VH[SHFWHG
concentrations in all the rooms reach saturation values
over a period of time. From the results it can be seen
that though this approach is somewhat gross but still the
simulation provides the baseline information about the
FRQFHQWUDWLRQOHYHOVDWGLႇHUHQWSDUWVRIDFRPSOLFDWHG
building.

(a)

(b)
Fig. 1 (a) Box model for a single room and (b) schematic
picture of the building

158

Fig. 2 Concentration as a function of time
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VI.11 Storage of Water in Open Reservoir for Condenser
&RROLQJ5HTXLUHPHQW(ႇHFWRQ&KORULQDWLRQDQG
Chlorination by Product Formation

:DWHUVDPSOHVIURPFRYHUHGFRQFUHWHOLQHGLQ¿OWUDWLRQ
well located inside the Palar river bed (GW) and from
IGCAR open reservoir (RW) were studied. Both RW and
*: KDG PRGHUDWH '2& ZLWK DQ DYHUDJH RI  DQG
PJ/DQG89$254 with an average of 0.057 and 0.049
UHVSHFWLYHO\7KHZLGHYDULDWLRQLQ'2&YDOXHVRIERWK
the water types were not quantitatively reciprocated in
WKHLUUHVSHFWLYH89$254 variation. High biological activities
as expected in the reservoir have led to an increase in
organic content in the water and thus caused higher
chlorine demand than that of GW (Figure 1). However,
the extent of compensations for the organic content in both
WKHZDWHUW\SHVZHUHGLႇHUHQWRZLQJWRWKHGLႇHUHQFHVLQ
their chlorine reactivity. Temporal trend of THM formation
was always higher for RW than that of GW (Figure 2). The

400
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hlorination is widely used to combat biofouling
in industrial cooling water systems and drinking
water treatment process to inactivate many waterborne
pathogens. However, in addition to its intended
function, chlorine reacts with organic compounds in the
water to produce halogenated by-products including
trihalomethanes (THMs), haloaceticacids (HAAs),
haloacetonitriles (HANs), haloketones (HKs). Among
these, THMs are the most commonly found regulated
chlorination byproducts (CBPs). Flowing water when
stilled in reservoirs, undergoes physical, chemical and
biological changes. Evaluation of impact of these changes
on chlorination is necessary to devise suitable strategies
WRPLQLPL]HWKHDGYHUVHHႇHFWV7KHSUHVHQWVWXG\ZDV
focused on the total trihalomethanes formation potential
77+0)3  RI WZR GLႇHUHQW ZDWHU W\SHV PDLQO\ L  +RZ
changes on the water quality parameters on storage
LQÀXHQFHV WKH 77+0)3 LL  ZKHWKHU GLVVROYHG RUJDQLF
FDUERQ '2& DQG89254 can be correlated with chlorine
GHPDQG &' DQG7+0VIRUPDWLRQDQG LLL ¿QDOO\WKHUROH
of bromide in the distribution of THMs species.

Month

Fig. 2 Temporal variation of TTHMFP of RW & GW
(Cl2: 3 mg/L, time: 24 hours)

location being near coast, appreciable amount of bromide
LVSUHVHQWLQWKHVHZDWHUVUDQJLQJIURPWRPJ/
IRU*:DQGIURPWRPJ/IRUUHVHUYRLUZDWHU
8SRQ FKORULQDWLRQ WKH FRH[LVWHQFH RI +2&O DQG +2%U
formed due to oxidation of Br- E\+2&OKDVUHVXOWHGLQ
THM species to be non-selectively distributed among all
the four species and not favoring preferential formation
RIDQ\SDUWLFXODUVSHFLHV$WGLႇHUHQWFKORULQHGRVHDQG
reaction time, speciation of THMs for both the water types
DUHGHSLFWHGLQ)LJXUH D DQG E 7KHLQVWDQWDQHRXV
R[LGDWLRQ RI EURPLGH WR +2%U DQG HDVLHU IRUPDWLRQ RI
Br-C bond than Cl-C bond resulted in enhanced overall
TTHM yield and greatly altered the species composition
RI7+0V1RGLVWLQFWGLႇHUHQFHLQWKHVSHFLHVGLVWULEXWLRQ
character was observed between GW and RW. Figure 4
GHPRQVWUDWHV WKH FRPSDUDWLYH YDULDWLRQ RI 89$254 with
respect to TTHMFP (5 ppm, 24 hr) for both the water types.
,QRXUVWXG\ZHGLGQRWREVHUYHDQ\FRUUHODWLRQRI89$254
with TTHMFP of both the source water (Figure 4). Thus, it
DSSHDUVWKDWVRPHVSHFLDOQDWXUDORUJDQLFPDWWHU 120 
PRLHWLHVPRVWSUREDEO\QRQKXPLFQRQ89DEVRUELQJDQG
hydrophilic nature is responsible for the THM formation in
these source waters. In addition, these moieties possibly
FRPSULVHGRQO\DVPDOOSRUWLRQRIDOO120DQGWKHUHIRUH
'2&DOVRVKRZHGQRFRUUHODWLRQZLWK7+0V.

TTHM Pg/L)

400

RW
GW

300
200
100
0
0.0

0.1

0.2

0.3

0.4

UVA 254 (l=5cm)

Fig. 1 Comparison of CD for RW and GW

Fig. 3 Percentage distribution of four THM
species in chlorinated RW and GW

Fig. 4 Correlation of UVA254 with
TTHM formation at 5 ppm
Cl2 after 24 hours
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VI.12 EURADOS International Intercomparison Exercise
of TLD Personnel Dosimeters based on CaSO4:Dy

P

ersonnel monitoring services laboratory at
5DGLRORJLFDO 6DIHW\ 'LYLVLRQ 56'  FDWHUV WR
the monitoring of all radiation workers of IGCAR and
BARCF. The lab is accredited by BARC for carrying
out personnel monitoring of radiation workers using
&D62 4 '\ HPEHGGHG 7HIORQ GLVFV VLQFH 
&D624'\ KDV DQ HႇHFWLYH DWRPLF QXPEHU RI 
which is higher than that of tissue (7.4). This makes
the dosimeter energy dependent resulting in an over
HVWLPDWLRQRIDERXWWLPHVDWORZHQHUJLHV NH9 
The presently used Thermoluminescent dosimeter
7/'  EDGJH IRU SHUVRQQHO PRQLWRULQJ FRQVLVWV RI
three discs clipped to an aluminum card. This energy
dependence has been overcome by means of a metallic
¿OWHUDUUDQJHPHQW PP&XDQGPP$O IRURQHRIWKH
GLVFVLQWKHFDVVHWWHKROGLQJWKH7/'FDUG
The laboratory participated in the international
inter-comparison exercise for the physical whole
body dosimeters conducted by European Radiation
'RVLPHWU\*URXS (85$'26 $VDSDUWRIWKLVH[HUFLVH
QXPEHUVRI7/'VZHUHVHQWWR(85$'26IRULUUDGLDWLRQ
and these dosimeters were irradiated in the range
P*\DWWKH'RVLPHWU\/DERUDWRU\6HLEHUVGRUIWR
;UD\JDPPDUDGLDWLRQRIGLႇHUHQWHQHUJLHVYL]
  DQG  NH9 DQG DW GLIIHUHQW DQJOHV
(0 and ±600). All irradiations in the reference radiation
¿HOGV ZHUH SHUIRUPHG XVLQJ SKDQWRPV WR GHWHUPLQH
personal dose equivalent H p(10) and H p(0.07) for
individual monitoring. After irradiation, the dosimeters
were returned and normal routine procedures were
followed for the evaluation of the doses. The evaluated
GRVH YDOXHV ZHUH FRPPXQLFDWHG WR (85$'26 2Q

Fig. 1 Trumpet curve analysis of the irradiated TLD cards
as submitted to EURADOS
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receipt of the evaluated dose values from the participants,
the irradiated true doses were communicated to the
participants.
The performance of our dosimetry system was analysed
based on the ANSI 2009 criteria and trumpet curve
method (standard followed during the regular QA check).
7KHWUXPSHWFXUYHRIWKHGDWDRILUUDGLDWHG7/'VDORQJ
with the ANSI values are given in Figure 1. From the
$16, FULWHULD DQDO\VLV WKH WROHUDQFH OHYHO /  LV ZHOO
ZLWKLQWKHDFFHSWDEOHOLPLWRI)URPWKHWUXPSHWFXUYH
it is seen that 6 of the data points lie outside the range
RIWKHDFFHSWDEOHOLPLWV2QDQDO\]LQJWKHUHVXOWVLWZDV
REVHUYHGWKDWIRUJDPPDUD\SKRWRQVDERYHNH9
the variation between the estimated and true dose is
within 20% and lie within the limits of trumpet curve.
)RU7/'EDGJHVLUUDGLDWHGWRDQGNH9DVSHUWKH
present dose evaluation algorithm, the readout pattern is
OLNHNH9DQGKHQFHGRVHZDVHYDOXDWHGIRUOHVVWKDQ
NH9ZKLFKUHVXOWHGLQDQXQGHUHVWLPDWLRQRIDOPRVW
40%. However, after knowing the energy values, when
the dose was evaluated using the empirical relation for
UHJLRQDERYHNH9WKHYDULDWLRQZDVZLWKLQRQO\
which can be seen from Figure 2.
This intercomparison exercise helped us in evaluating
the performance of our system and it also serves
as a quality assurance index by benchmarking the
dosimetry system and the dose evaluation procedures
to international standards. Above all, this exercise has
provided good opportunity to identify potential pitfalls
in our dosimetry system at low energy regions and
to perform possible corrective measures on par with
international standards.

Fig. 2 Results of EURADOS intercomparison IC2014ph
after algorithm correction
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VI.13 Design and development
of IT-enabled Advanced Knowledge
Management System for IGCAR

A

Knowledge Management (KM) system for
codification of all multi-disciplinary knowledge
assets accumulated over decades of nuclear research,
development & operation at IGCAR is essential for
improved organizational productivity, new insights
and high-levels of innovation. IGCAR Knowledge
Management System is designed as a federated structure
consisting of a Gateway Server and number of Group
Servers having distributed knowledge repositories. A
web-enabled, taxonomy-based Knowledge Management
system with advanced features has been designed,
GHYHORSHGDQGGHSOR\HGDWGLႇHUHQW*URXSVWRDFTXLUH
store, share and utilize the organizational knowledge
assets in the explicit form of technical design reports,
activities, facilities etc., along with the tacit knowledge
multi-media modules. The knowledge management
portal is a generic, customizable framework developed
in-house fully using open-source platform and APIs. It is
designed and implemented with the following advanced
features.

 '\QDPLF YLHZLQJ RI PHWDGDWD DQG IXOOWH[W RI
documents
 2QOLQHDQDO\WLFVDQGJUDSKLFDOUHSRUWVJHQHUDWLRQ
 &XVWRPL]DEOH PHQX  FRQWHQWV DQG LQWHUDFWLYH
user interface
Knowledge management portals have been developed
DQGGHSOR\HGIRU(,56*5'*DQG3)%55HFRUGVZLWK
a poly-hierarchical structure based taxonomy built for
HႈFLHQW FDWHJRUL]DWLRQ DQG UHWULHYDO RI GRFXPHQWV LQ
related subject domains. The organization hierarchy
and user accounts for all contributing employees
have been created with assigned roles. The divisional
representatives acting as coordinators are given
additional privileges for management of contents and
users. All uploaded documents need to be validated by
+HDGVRI'LYLVLRQV6HFWLRQVEHIRUHDGGLQJWKHPWRWKH
repository.

 (QKDQFHG DFFHVV FRQWURO ZLWK PXOWLOHYHO ULJKWV
management

The customized KM portal developed for Fast breeder
Records Management facilitates the authenticated
users to upload, organize, list, search, view and print the
records available in the repository in the form of Control
1RWHV 'HVLJQ 1RWHV 2SHUDWLRQ 1RWHV ([SHULPHQWV
1RWHV6SHFL¿FDWLRQV3URMHFW5HSRUWV&RPPLVVLRQLQJ
'RFXPHQWV 7HVW 3URFHGXUHV  5HSRUWV 0DQXDOV
'UDZLQJV HWF LQ D VHFXUH ZD\$OVR D .0 3RUWDO IRU
520*LVXQGHUGHYHORSPHQWIRUPDQDJLQJWKH)%75
5HFRUGVDQGDVVRFLDWHGZRUNÀRZ

 *HQHULFNH\ZRUGEDVHGDQG$GYDQFHGPHWDGDWD
based Search facility

The screenshots of KM Portals developed for EIRSG and
PFBR Records Section are shown in Figure 1.

 7D[RQRP\EDVHGFDWHJRUL]DWLRQRIGRFXPHQWVIRU
HႈFLHQWRUJDQL]DWLRQDFFHVV
 0XOWLIRUPDWGRFXPHQWVXSORDGIDFLOLW\
 $XWRPDWLFH[WUDFWLRQRIPHWDGDWD 7LWOH$XWKRUV
Abstract, Keywords etc)

(a)

(b)

Fig. 1 KM portal for (a) EIRSG and (b) PFBR records
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VI.14 Implementation of User based Authentication
for Internet Access in IGCAR Network

T

o enhance information security further in IGCAR
network, existing IP (Internet Protocol) based
authentication mechanism was augmented with user
based authentication system for internet access.
In this new system, the internet users have to get
authenticated with user name and password from the
IP address allotted to them for internet access.
To achieve this multiple proxy servers have been
FRQ¿JXUHGWHVWHGVHFXULW\KDUGHQHGVHFXULW\DXGLWHG
and deployed in the network. All servers are running
RQ/LQX[RSHUDWLQJV\VWHP)RUORDGEDODQFLQJDQGIRU
better throughput,PXOWLSOHLQVWDQFHVZHUHFRQ¿JXUHG
on all proxy servers. To provide uninterrupted internet
service, proxy servers have been commissioned in
high availability mode. Typical setup implemented in
IGCAR network is shown in Figure 1.
+773 +\SHU 7H[W 7UDQVIHU 3URWRFRO  'LJHVW
authentication mechanism has been adopted for
authenticating the users and in this mechanism
authentication communicated to the proxy server from
WKH EURZVHU DUH HQFU\SWHG /RJJLQJ LV HQDEOHG IRU
DOO DOORZHG DQG GHQLHG WUDႈF ZLWK IXOO 85/ 8QLIRUP
5HVRXUFH/RFDWRU IRUHDV\IRUHQVLFDQDO\VLV
To maintain same user credentials across all proxy
VHUYHUV DQ /'$3  /LJKWZHLJKW 'LUHFWRU\ $FFHVV
3URWRFRO VHUYHUKDVEHHQFRQ¿JXUHGWRDFWDVFHQWUDO
DXWKHQWLFDWLRQVHUYHU$OOSUR[\VHUYHUVDUHFRQ¿JXUHG
WRDXWKHQWLFDWHXVHUVXVLQJWKLV/'$3VHUYHU$ZHE
site has been developed to facilitate users to change
their proxy password. The web site in turn changes the
SDVVZRUGLQ/'$3VHUYHUIRUWKDWXVHUDQGSUR[\UHDGV
WKHSDVVZRUGIURP/'$3DQGDXWKHQWLFDWHVWKHXVHU
in the subsequent internet access attempt.
In addition to preventing unauthorized access to
LQWHUQHWDOOWKHLQWHUQHWWUDႈFSDVVLQJWKURXJKSUR[\
servers is checked for virus content. A plug-in was
LQVWDOOHGDQGFRQ¿JXUHGLQDOOSUR[\VHUYHUVWRVFDQ
WKHZHEWUDႈFIRUYLUXVWURMDQVVS\ZDUHZRUPVHWF
and is being blocked if they are detected. Another
SOXJLQKDVEHHQLQVWDOOHGDQGFRQ¿JXUHGLQDOOSUR[\
VHUYHUVIRU85/EDVHG¿OWHULQJ$OOZHEVLWH85/VEHLQJ
visited are checked and non-productive domains as
SHU,*&$5¶VLQWHUQHWSROLF\LV¿OWHUHGRXWWRLPSURYH
the productivity and to prevent malicious code entering
in to the network.
To analyze the logs generated by proxy servers and
to generate the statistical reports, an open source
162

Fig. 1 Typical setup of user based authentication for
internet access

VRIWZDUHKDVEHHQLQVWDOOHGFRQ¿JXUHGDQGWXQHGWR
suit network setup. Shell scripts were developed to
fetch logs from all proxy servers and to merge them
LQWRDVLQJOH¿OH7KLVPHUJHGVLQJOHORJ¿OHZDVXVHG
to generate per user based daily/weekly/monthly
reports for all users. NTP ( Network Time Protocol )
ZDVFRQ¿JXUHGLQDOOVHUYHUVWRPDLQWDLQWLPHSUHFLVHO\
and to generate accurate usage reports.
With the above implementation, the following security
enhancements have been achieved:
 %ORFNLQJ RI FRPPXQLFDWLRQV WR &RPPDQG DQG
Control server by Botnets
 3UHFLVH LGHQWL¿FDWLRQ RI HQG XVHU RI LQWHUQHW
access for forensic analysis
 3URYLGHV JDWHZD\ OHYHO DQWLYLUXV SURWHFWLRQ IRU
DOOZHEWUDႈF
 'HHSDQDO\VLVRIZHEWUDႈFDWZHESDJHOHYHO
 3UHYHQWLRQ RI DQRQ\PRXV DFFHVV WR LQWHUQHW
XVLQJWRROVOLNH7258OWUDVXUIHWF
8VHU EDVHG DXWKHQWLFDWLRQ IRU LQWHUQHW DFFHVV ZDV
implemented in phased manner to have a smooth
transition from the existing system. The user based
authentication has been implemented for all users
of IGCAR, FRFCF , BARC (F), %+$9,1, and SRI
successfully.
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VI.15 Design, Development & Deployment
of Smart Utilities Service Portal
A Service Portal has been developed and implemented
LQ&RPSXWHU'LYLVLRQWRSURYLGHDOODXWKRUL]HGXVHUVDQ\
time self-service access to useful utilities and valuable
information resources. The unified portal platform
(Figure 1) gives online options to carry out and manage
work processes of different activities with status
monitoring and reporting features.
The modular and extensible service framework is
GHVLJQHGIRUDXWRPDWLQJZRUNÀRZDVVRFLDWHGZLWKWKH
following activities:
 3URMHFWUHYLHZZRUNSURJUHVVUHSRUWV
 7HFKPHHWVFKHGXOHV SUHVHQWDWLRQV
 9DOXHHQJLQHHULQJFRPPLWWHH & 1 WDVNV
Budget, indents & expenditure
Individual users can upload their respective indent details
to the portal with current status and payment information
(expected/actual) under various budget heads. It helps
to keep track of the status of all the indents raised by
FRPSXWHUGLYLVLRQDQGWKHLUSD\PHQWGHWDLOV'LYLVLRQ
Head, Section Head and Budget coordinator can plan
budget targets, monitor the progress, and generate
various expenditure statements monthly, quarterly or
yearly for a budget head.
Project/work progress reports
7KH PRGXOH IDFLOLWDWHV RQOLQH FUHDWLRQ PRGL¿FDWLRQ
submission and viewing of the monthly/quarterly
work reports by the employees. These reports can be

UHYLHZHGE\WKHUHVSHFWLYH6HFWLRQ'LYLVLRQ+HDGV7KH
user can access all his/her reports at any point of time
for consolidation or printing. It also enables authorized
users to upload/view quarterly progress reports of the
division.
Technical knowledge sharing meetings
As part of knowledge sharing initiative, periodic technical
knowledge sharing sessions are conducted in Computer
'LYLVLRQ7KHPRGXOHIDFLOLWDWHVDQ\HPSOR\HHWRUHJLVWHU
a presentation topic with the preferred date. It enables
tech-meet coordinator to schedule the tech-meet and
generate automated mails to intimate the speaker and
all employees. The presentation material and audio
recording can be uploaded to the portal and are made
viewable by all users.
VEC activities
This utility allows the indentors to prepare and submit
the forms along with the soft copy of the indents to the
9DOXH(QJLQHHULQJ&RPPLWWHH &RPSXWHU 1HWZRUN 
The indentors can also check the status of approval
RI LQGHQWV DIWHU WKH FRPPLWWHH PHHWLQJ 7KH 9(&
&RPPLWWHHPHPEHUVFDQYLHZWKHXSORDGHG9(&LQG
ents and record their comments. They can access the
GHWDLOVRISUHYLRXV9(&PHHWLQJVLQGHQWVVXEPLWWHG
cleared and their present status. Functionalities are
SURYLGHG IRU WKH 9(& VHFUHWDU\ WR VFKHGXOH 9(&
meeting, update the status of the indents and prepare
the minutes of meeting.

Fig. 1 Web based smart utilities service portal
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VI.16 $UWL¿FLDO1HXUDO1HWZRUN
based Computational Intelligent Models
for I/O Performance Prediction in HPC Cluster

H

igh performance computing (HPC) Clusters use
SDUDOOHO ¿OH V\VWHPV VXFK DV /XVWUH WR PHHW WKH
ODUJH,QSXW2XWSXW ,2 UHTXLUHPHQWVRISDUDOOHOVFLHQWL¿F
DSSOLFDWLRQV  7KH ¿OH V\VWHP SHUIRUPDQFH SOD\V D
major role in the overall performance of the cluster. The
REMHFWLYHRIWKLVZRUNZDVWRGHYHORSDQDUWL¿FLDOQHXUDO
network (ANN) based computational intelligent model for
OHDUQLQJWKH,2SHUIRUPDQFHEHKDYLRXURISDUDOOHOFOXVWHU
¿OHV\VWHP FODVVLI\LQJ WKH SHUIRUPDQFH SDWWHUQV DQG
SUHGLFWLQJWKHSHUIRUPDQFHIRUDJLYHQ,2VFHQDULR7KH
variants of adaptive resonance theory (ART) networks
YL] VLPSOL¿HG$570$3 XVLQJ$57 DQG VXSHUYLVHG
ART-I were considered for implementation. Also a
Genetic Algorithm(GA) based Backpropagation neural
network model has been developed for comparative
study
ANN network architectures
Supervised ART-I and Supervised ART-II have simple
architectures because they have been built from a single
ART module rather than a pair of them, connected by
D PDS ¿HOG 7KLV OHDGV WR WLPH UHGXFWLRQ GXULQJ ERWK
learning phase and testing phase. The supervised ART
has the ability to learn and classify an arbitrary sequence
of multi-values binary and analog input patterns.
GA based ANN model is a variation of the standard
backpropagation model and it uses genetic algorithm
for weight adjustment instead of the gradient descent
method. The conventional gradient descent method
used for weight optimization has the disadvantage that
it could get trapped in a local minimum.
Training
5HDGDQG:ULWH ,2 SHUIRUPDQFHGDWDRIQRGHG
+3& &OXVWHU IRU GLႇHUHQW LQSXW SDUDPHWHUV KDV EHHQ
FROOHFWHGXVLQJWKHVWDQGDUG,2EHQFKPDUNWRFUHDWHD
training data set. The features that were considered for
predicting the class of the bandwidth of a read operation
of the HPC File system are: Number of Processes/
&OLHQWV 7UDQVIHU %ORFN 6L]H )LOH 6L]H /XVWUH 6WULSH
Size. These features were normalized and complement
coded before presenting to the Supervised ART-I model
in order to prevent category proliferation. These features
were normalized and presented to the genetic algorithm
based neural network model.

Fig. 1 Accuracy graph for ART1 model

of the HPC performance data. The optimal accuracies
achieveGIRUGLႇHUHQWFRPELQDWLRQRIYLJLODQFHSDUDPHWHU
DQGOHDUQLQJUDWHDUHVKRZQLQ)LJXUH7KHVLPSOL¿HG
ARTMAP using ART-2 algorithm, although not achieving
the accuracies of the former algorithm, also performed
UHDVRQDEO\ZHOOLQRႉLQHDQGLVJHQHUDOO\VXLWHGIRUDQ
increased number of classes and more susceptible
to unknown inputs. The GA based model took large
number of generations to converge during the training
process. Figure 2. shows the variation of the error rate
with respect to the number of generations for the 4-8-1
network with a population size of 40. The Supervised
ART-I model achieved a testing accuracy of 92% and
the Genetic Algorithm based Backpropagation neural
network model achieved a testing accuracy of 90%.
The computational intelligent models developed help to
predict the performance levels for the given workload
ZLWKDVHWRILGHQWL¿HG,2SDUDPHWHUVDQGWRRSWLPL]H
WKH¿OHV\VWHPSDUDPHWHUVIRUVSHFL¿FZRUNORDGV

Results
The Supervised ART-I algorithm gave excellent
accuracies with lesser number of iterations during training
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Fig. 2 Error graph for GA based ANN model
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VI.17 Development of Solution based Approach
for Auto-Parallelization of Serial Codes

R

ecent trends in processor micro-architecture are
gradually increasing towards the larger number
of processing elements on a single chip. Making intact
use of the potential of the multicore processors through
SDUDOOHO SURJUDPPLQJ LV D VLJQL¿FDQW FKDOOHQJH$PLG
several approaches to address this issue, one that is
very promising is automatic parallelization. It eliminates
the involvement of programmer in the process of
parallelization and optimization which is very attractive.
Auto parallelization tools and techniques

,Q D VWXG\ 2SHQ03 EDVHG DXWRSDUDOOHOL]HUV QDPHO\
Cetus, Par4all, Pluto, and Parallware were considered
to identify their capabilities and limitations. Totally 84
programming features including loops, loop conditions,
statements, functions, operators were tested to evaluate
the support provided by the tools in handling these
coding constructs in parallelizable regions. In many
cases of unsupported features, minimal coding changes
with manual intervention could resolve the issues and
make the code amenable for parallelization by the
WRROV)LJXUHGHSLFWVLPSURYHGSUR¿FLHQF\RIWKHDXWR
parallelizers after resolving the coding pitfalls through
manual intervention.
Analysis with benchmark problems
3RO\EHQFK%HQFKPDUNVXLWH EHQFKPDUNV ZDVXVHG
as a workload to carry out a detailed analysis on handling
of programming features and dependencies by the tools
GXULQJSDUDOOHOL]DWLRQ7KHGLႈFXOWLHVHQFRXQWHUHGE\WKH
tools while performing source-to-source transformation
ZHUH LGHQWL¿HG DORQJ ZLWK WKH URRW FDXVHV :H FRXOG
deduce solutions in the form of coding changes (or
restructuring) for successful parallelization in many
cases. Figure 2a shows on the increase in acceptance
UDWLRRIEHQFKPDUNVE\WRROVGXHWRWKLVHႇRUW

(a)
(b)
(c)

(d)
(e)

Fig. 1 Parallelizers support for programming features. Loop
body (a) additional programming features parallalised
by default (b) statements and functions parallalised
with manual intervention (c) statements and functions
parallalised by default. Loop and loop conditions
parallalised (d) with manual intervention (e) by default

RFFDVLRQVOHDGVWRJUHDWHUVSHHGXSV8QUROOLQJLQPDQ\
FDVHVLVLQHႇHFWLYH3DUDOOHOL]DWLRQZKHQFRPELQHGZLWK
code optimization produces optimal results.
Interactive auto-parallelization approach
Analysis proves that with manual intervention with
minimal coding changes improves the oveUDOOHႈFLHQF\
of the auto-parallelizers to greater extent. Figure 2b
illustrates a solution based approach for effective
parallelization by combining tools and semi-automated
process of alleviating code pitfalls. A pre-compiler
framework handles the source program with unsupported
coding features with manual intervention and performs
necessary code transformation to make the source
code amenable for parallelization. The transformed
code is then subjected to the chosen auto-parallelizer
to generated parallel code. This approach of interactive
parallelization will enhance the performance of automatic
SDUDOOHOL]DWLRQZLWKPLQLPDOHႇRUWV

Dependency analysis and loop transformation
characteristics
'HSHQGHQF\DQDO\VLVKDVEHFRPHDEVROXWHO\HVVHQWLDO
for parallelization to retain the order in which the original
FRGHÀRZV3DUDOOHOL]DWLRQLVVXHVZLWKUHVSHFWWRGLႇHUHQW
types of dependencies present in the code have been
LGHQWL¿HG 3DUDOOHOL]HUV DUH UHDVRQDEO\ VXFFHVVIXO LQ
parallelizing problems with independent dependencies
but have difficulties with problems involving crossiteration dependencies. Cross iterations dependency
ZLWKYHFWRUVFDQEHKDQGOHGHႈFLHQWO\E\DSSO\LQJORRS
transformation techniques like loop peeling and loop
¿VVLRQ 7KH HႇHFW RI ORRS WUDQVIRUPDWLRQ WHFKQLTXHV
like loop unrolling and loop tiling on parallelization has
been studied in detail. Tiling with parallelization on many

(a)
Original Source Code
TransformaƟon based
Pre-Compiler Framework

Manual
IntervenƟon

Transformed source code
(amenable for parallelizaƟon)

(b)

Auto-Parallelizers
Parallel Source Code

Fig. 2 (a) Enhacing paralleization with manual intervention
and (b) interactive auto-parallelization approach
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VI.18 Sustainable Design of a Large Span Industrial
Space using Pre-engineering Concept

T

he pre-engineered industrial structure consists of
steel building with enclosed rigid frames that are
fabricated from plate steel. These rigid frames consist of
URRIEHDPVDQGFROXPQVWKDWDUHDVVHPEOHGDW¿HOGDQG
bolted together. These frames can span larger distances
without intermediate supporting columns. The frames
DUHVSDFHGDWLQWHUYDOVEHWZHHQ¿YHWRWHQPHWUHVDQG
can span, column-free, up to 100 metres across a building.
2Q WRS RI DQG UXQQLQJ SHUSHQGLFXODU WR WKHVH IUDPHV
are roof secondary structural spanning members, often
referred to as purlins manufactured through cold form
procedures. They are spaced roughly 1.5 metres apart
across the width of a building. The roofing system
attaches to the purlins. The wall systems include wall
secondary structural members called girts that also span
from frame to frame. Girts support a wall cladding system.

Rigid frame members are made up of welded I sections
designed as per IS 800-2007. Materials used in reinforced
concrete elements are 0 grade of concrete and Fe
'JUDGHRIUHLQIRUFLQJVWHHO ,6,6 
+LJKVWUHQJWKVWHHORIPLQLPXP\LHOGVWUHQJWK03D
is used for fabrication of steel elements. The building is
braced and the stability is provided by bracings in the
three mutually perpendicular planes. (a) X bracings in
vertical plane in the end bays in the longitudinal direction,
(b) X bracings in vertical plane in the end bays of the
gable ends and (c) X roof bracing in the end bays. The
foundations have been designed as isolated footings
IRXQGHGDWPHWUHVIURPWKHQDWXUDOJURXQGOHYHOWR
achieve a safe bearing capacity of 150 kN/m2. No tension
at base of foundation is permitted under any of the load
combinations considered for design.

The pre-engineered metal building system is
advantageous because it is very economical and allows
for the creation of large column-free enclosures. The
best applications for the pre-engineered metal building
system include industrial applications such as complex
industrial facilities, warehouses and aircraft hangers.
Buildings can be easily expanded in length by adding
additional bays. Building can be supplied with various
types of fascias, canopies, and curved eaves and are
designed to receive pre cast concrete wall panels,
curtain walls, block walls and other wall systems.

Wind loads input such as basic wind speed was
FRQYHUWHGWRGHLJQZLQGSUHVVXUHDVSHU,6 3DUW 
DUH DSSOLHG WR WKH GLႇHUHQW PHPEHUV RI WKH EXLOGLQJ
DFFRUGLQJWRWKHFRHႈFLHQWVPHQWLRQHGLQWKHFRGHV7KH
VLWHLVLQ]RQH,,,DVFDWHJRUL]HGE\,65HVSRQVH
spectrum for hard soil is considered independently in
NS, EW and vertical directions with 2% damping. For
vertical motion, two thirds of the acceleration response
spectrum values in horizontal direction were adopted.

By adopting pre engineering concept, pyro-reprocessing
5 ' EXLOGLQJ ZLWK D SODQ GLPHQVLRQ RI  [  DQG
17 metre height at eaves level is being built. The facility
is for the development of pyro-chemical reprocessing
EDVHG RQ PROWHQ VDOW HOHFWUR UH¿QLQJ ZKLFK LV LGHDOO\
suited for treatment of metallic fuels from FBRs.
7KH¿QLVKHGÀRRUOHYHORIWKHS\URSURFHVV5 'IDFLOLW\
LV WDNHQ DW 5/  PHWUHV EDVHG RQ 'HVLJQ EDVLV
ÀRRGRI\HDUUHWXUQSHULRG7KH¿QLVKHGÀRRUOHYHO
is around 2 metres above the existing ground level.
Hence, construction of Random rubble masonry along
the periphery of the building, including berm with pitching
is provided for the stability substructure.
(a)

(b)

Fig. 1 (a) Embedment of steel column into concrete
pedestal and (b) rigid frame using bolted connections
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The pre fabricated steel columns are designed as
embedded for 1.6 metres within the reinforced concrete
IRXQGDWLRQWRHQVXUH¿[LW\ )LJXUHD DVSHU(XURFRGH
(EN 1994-1-1 (2004). Steel columns are designed as
per IS 800-2007 and checked for local capacity, buckling
due to compression and elastic lateral torsional buckling,
overall member buckling resistance, axial compression,
axial tension and shear capacity. Steel beams, rafters
are checked for shear, web crippling, lateral torsional
bXFNOLQJ DQG GHÀHFWLRQV %UDFLQJV DUH GHVLJQHG ZLWK
ISA sections in star formation with tack welding along
the length to avoid buckling failure.
The structural steel column sections, beam sections,
rafter sections and bracket sections were fabricated
with welded connections at the fabrication yard (Ambur),
DQG DOO VHFWLRQV ZHUH WHVWHG XVLQJ  '37 7Ke
other connections which were to be established at site
are designed and executed as bolted connections.
High strength friction grip bolts are used for all bolted
FRQQHFWLRQV ,6 *DOYDOXPHFODGGHGURR¿QJZLWK
SXႇSDQHOVUHVWVRQSXUOLQVDQGJLUWV3XUOLQDQGJLUWV
are designed as cold formed Z-section beams as per
(1   )RU SURFXUHPHQW RI PDWHULDOV
fabrication, quality assurance and erection relevant
ASTM, ASME, IS are followed.

I N F R A S T R U C T U R E FA C I L I T I E S
,Q IDFW WKH EXLOGLQJ LV FXVWRPHQJLQHHUHG WR VSHFL¿F
dimensions, structural criteria and materials in
accordance with the building codes . The pre-engineered
metal building system has evolved over the years into
assemblages of structural elements that work together
to provide a YHU\HႈFLHQWV\VWHPDVVKRZQLQ)LJXUHE
(DFK SDUW RI WKH V\VWHP LV GHVLJQHG WR SUHFLVHO\ ¿W
together which transforms into buildings that can be

built with greater speed and accuracy than is possible
using conventional methods. Additionally, systems
FRQVWUXFWLRQ RႇHUV VLJQL¿FDQW FRVW DQG SHUIRUPDQFH
advantages over conventional construction methods
including lower life cycle costs for greater return on
LQYHVWPHQWXQOLPLWHGGHVLJQÀH[LELOLW\DQGVXVWDLQDELOLW\
attributes such as 100% recycling of steel and superior
thermal building envelopes.

VI.19 Commissioning of 30 kWp Grid Connected
Solar Plant at IGCAR

G

rid connected solar system is an emerging
technology to harvest solar incident radiation for
production of electricity which can be fed to the grid
directly. As part of the energy conservation activities
and also considering the importance, the Government
of India has given importance to harness solar energy.
2XU&HQWUHKDVLQLWLDWHGSURMHFWVLQWKLVUHJDUG7RVWDUW
ZLWKDSLORWSODQWRIN:SJULGFRQQHFWHGVRODUSODQWLV
installed and commissioned on August 14, 2015 on the
roof top of ESG annex building (Figure 1).
Features

2QDQDYHUDJHWKLVV\VWHPSURGXFHVWRXQLWV
RIHOHFWULFLW\SHUGD\2QGD\VZLWKJRRGVRODULQVRODWLRQ
the production clocked 175 units. This is the largest solar
system installed at Kalpakkam so far. All the operations
are automatic and no manual intervention is envisaged
for normal operation. It is not provided with any battery
backup as the electricity generated is transferred to the
gird on real time basis and no storage is necessary. This
DUUDQJHPHQW ZLOO HQVXUH EHWWHU HႈFLHQF\ DW D OHVVHU
capital and maintenance cost. Control panels and display
showing power versus time are shown in Figure 2a and
2b.
Components of the system
Solar photovoltaic modules
It comprises of 120 numbers of crystalline silicon type
solar modules. Each module has an output 250 Wp.
Twenty numbers of solar photovoltaic modules modules
are connected in series to form one array. Totally there
are 6 such arrays.
Array structure
Array structure is made of hot dipped galvanised iron and
it holds the solar photovoltaic modules . This structure is

designed to withstand a wind speed of 200 kmph.
'LUHFWFXUUHQWGLVWULEXWLRQER[
'LUHFW FXUUHQW GLVWULEXWLRQ ER[ UHFHLYHV GLUHFW FXUUHQW
RXWSXWIURPWKHDUUD\¿HOG7KHUHLVSURYLVLRQIRUYROWDJH
DQGFXUUHQWPHDVXUHPHQWIURPGLႇHUHQWDUUD\VVRDVWR
FKHFNDQ\IDLOXUHLQWKHDUUD\¿HOG
Grid interactive inverter
It converts direct current power produced by solar
photovoltaic modules into alternating current power and
adjust the voltage & frequency levels to suit the local grid
conditions. The inverter works in fully automatic mode
and is provided with automatic synchronization unit. In
a short time after the sunrise the inverter gets activated
and synchronizes the solar system with the grid. With
that, the export of energy produced to the grid starts.
In the evening towards sunset, the inverter disconnects
from the grid and switches into sleep mode. It also
has built in maximum power point tracker. Maximum
power point tracker ensures that the solar photovoltaic
PRGXOHVRSHUDWHRQWKHPD[LPXPHႈFLHQF\SRLQWRIWKH
voltage - current characteristics of the module and adjusts
the voltage of the module in such a way that the power
produced will be maximum. This is carried out on real
time basis. It also has the facility to store the records and
display the same.
AC distribution box
Alternating current distribution box receives alternating
current power from Grid interactive Inverter and feeds
power to the grid. It also has the facility to measure
the voltage, current, power, energy, power factor and
frequency.
After observing the performance of the pilot project, two
numbers of similar systems each with 60 kWp is proposed to
be implemented and action has been initiated towards this.

(a)
Fig. 1 Solar photovoltaic panels at the roof top of ESG
annex building

(b)

Fig. 2 (a) Control panels and (b) display showing power
versus time
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VI.20 Major Expansion of Electrical System Towards
Capacity Building with Improved Reliability

A

s part of the augmentation and refurbishment
WR WKH HOHFWULFDO LQIUDVWUXFWXUH ZRUNV RQ  N9
Central Switching Station at IGCAR was completed
with emphasis on improved reliablity and safety. The
philosophy is further extended to the distribution system
DW  N9   9 OHYHOV$SDUW IURP WKLV WR PHHW WKH
DGGLWLRQDOORDGUHTXLUHPHQWVUHDFKRIWKHN9V\VWHP
also has been enhanced by commisssioning new
substation. Towards this, the following major activities
are successfully completed:

was to meet the addtional load requirment such as
construction power requirement of FRFCF, introduction
of higher capacity pumps near main gate for Anupuram
water supply scheme and capacity limitation of
existing main gate substation. Against the available of
FDSDFLW\ RI  N9$ LQ WKH PDLQ JDWH VXEVWDWLRQ WRWDO
SURMHFWHG UHTXLUHPHQW ZDV  09$ &RQVLGHULQJ WKH
limited space available at old main gate substation, it
was impossible to augment the capacity to meet the
additional demand.

&RPPLVVLRQLQJRI3'&9,,,VXEVWDWLRQWRPHHWWKH
HOHFWULFDO ORDG UHTXLUHPHQW RI  0*' 'HVDOLQDWLRQ
plant.

3'&,;VXEVWDWLRQLVEHLQJFRQVWUXFWHGZLWKWZRQXPEHUVRI
 09$  N9  9 WUDQVIRUPHUV FRQQHFWHG LQ  RXW
RIWZRFRQ¿JXUDWLRQ )LJXUH . The substation can feed
09$ORDGLQ9OHYHODQG09$ORDGLQN9OHYHO

&RPPLVVLRQLQJRI3'&,;VXEVWDWLRQDVDUHSODFHPHQW
to main gate substation and also to meet the FRFCF
construction needs.
&RPPLVVLRQLQJRIN9V\VWHPDW3'&9VXEVWDWLRQ
Commissioning of PDC VIII substation
3'&9,,,VXEVWDWLRQZDVFRPPLVVLRQHGLQ0DUFK
to meet the electrical demand of newly built 2 mgd
GHVDOLQDWLRQ SODQW  7KH VXEVWDWLRQ IHHGV WKH  N9
 9 ORDGV RI GHVDOLQDWLRQ SODQW 7KH VXEVWDWLRQ
UHFHLYHV WZR QXPEHUV RI  N9 IHHGHUV LQ RQH RXW RI
WZRFRQ¿JXUDWLRQN9LVVWHSSHGGRZQWRN9ZLWK
WKHKHOSRIWZRQXPEHUVRI09$N9WUDQVIRUPHUV
3'&9,,,N9VZLWFKERDUGLVVKRZQLQ)LJXUH

3'&9VXEVWDWLRQZDVFRQVWUXFWHGDVDPDMRUKXEWRIHHG
electrical loads of newly built facilities like Engineering Hall
,96WUXFWXUDO0HFKDQLFV/DE7UDLQLQJ6FKRRO &HQWUH
+LJKSHUIRUPDQFHFRPSXWLQJFOXVWHUHWF7KHN9DQG
 9 V\VWHPV ZHUH FRPPLVVLRQHG HDUOLHU 3UHVHQWO\
 N9 V\VWHP FRPSULVLQJ  09$ WUDQVIRUPHU  N9
switchboard and connected feeders are commissioned.
7KLV ZLOO PHHW WKH SRZHU UHTXLUHPHQW RI  N9
motors for the water test facility set up in Engineering
+DOO,9

The major consideration to construct and commission
D QHZ VXEVWDWLRQ DW PDLQJDWH ± 3'& ,; VXEVWDWLRQ 

To meet the growing power demand, two numbers of new
substations have been constructed and commissioned. In
one of the substations, augumentation of the system was
carried out in HT system with state of the art protection
scheme. Additional safety features which were evolved
at IGCAR to give maximum ptrotection to the operating
personnel have been incorporated. The introduction of
numerical relays and addition of innovative protection
scheme helped to enhance the reliability of the system.

Fig. 1 PDC VIII 6.6 kV switchboard

Fig. 2 PDC IX 415 V switchboard

%RWK  N9 DQG  N97UDQVIRUPHrs are designed by
keeping in mind the future electrical requirement for one
PRUH0*'SODQW
7KLV6XEVWDWLRQDOVRSURYLGHV9SRZHUVXSSO\WRRWKHU
utility buildings such as STF Barrack & street lights etc.
Commissioning of PDC IX substation
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Commissioning of 6.6 kV system at PDC V
substation
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VI.21 Monitoring and Evaluating Skill
of Welders using Data Acquired
with High Speed Data Acquisition System

A

rc welding is a stochastic process in which dynamic
variations in the arc voltage and current occur while
welding is in progress. With the help of high speed data
DFTXLVLWLRQ V\VWHPV OLNH 'LJLWDO 6WRUDJH 2VFLOORVFRSH
'62  WKHVH YDULDWLRQV FDQ EH PRQLWRUHG UHFRUGHG
and subsequently analyzed for understanding the
SURFHVV 9ROWDJH DQG FXUUHQW VLJQDOV DFTXLUHG GXULQJ
6KLHOGHG 0HWDO $UF :HOGLQJ 60$:  XVLQJ  D '62
$JLOHQW 7HFKQRORJLHV '62%  RI  0+] EDQG
width and maximum sampling rate of 4 GSa/s have
been successfully analyzed for monitoring progress of
learning during training of welders as well as to assess
their skill levels. For acquisition of current signals Hall
6HQVRU FODPSV DQG IRU YROWDJH VLJQDOV GLႇHUHQWLDO
SUREHVZHUHXVHG'DWDZDVDFTXLUHGIRUDGXUDWLRQRI
50 seconds at a sampling rate of 100,000 samples/s
ZKLFKZHUHWKHQ¿OWHUHGWRUHPRYHWKHQRLVH)LJXUH
shows part of the voltage and current signal (data for
50 ms) thus acquired. There is little variation in the
welding current except when metal transfer takes place
by short circuit mode which is accompanied by a large
GLSLQWKHYROWDJHVLJQDO8QOLNHLQWKHFDVHRIFXUUHQW
variation in the voltage is more as voltage would vary
with variation in the arc gap, which in turn depends on
the skill of the welder.
For the purpose of monitoring the progress of learning
by the trainee welders, welding data was acquired at
GLႇHUHQWVWDJHVRIOHDUQLQJ LQLWLDODIWHUVL[PRQWKVDQG
DIWHU RQH \HDU  3UREDELOLW\ 'HQVLW\ 'LVWULEXWLRQ 3'' 
was generated from the voltage data thus acquired.
3''SURYLGHVIRUHDFKYROWDJHWKHIUDFWLRQRIWKHHQWLUH
GDWDUHFRUGHG)LJXUHVKRZVWKHYROWDJH3''VIRUD
W\SLFDO ZHOGHU WUDLQHH DW GLႇHUHQW VWDJHV RI KLV WUDLQLQJ
DORQJ ZLWK WKDW RI DQ H[SHULHQFHG ZHOGHU 3'' IRU WKH

Fig. 2 Probability density distribution (PDD) of voltage
signal of the welding by a trainee at different stages
of training along with that of an experienced welder

Fig. 1 Current and voltage variation while welding is in
progress

experienced welder is characterized by a smooth curve
with two distinct peaks, one at low voltage corresponding
to short circuit (refer Figure 1) and another for steady
VWDWH9ROWDJH3''RIWKHWUDLQHHZHOGHUDWWKHLQLWLDOVWDJH
RI WUDLQLQJ LV IDU GLႇHUHQW IURP WKDW RI WKH H[SHULHQFHG
welder and it moved closer to the latter with the progress
of training. This study was conducted on a group of four
trainee welders and results of all the welders were similar
indicating that this procedure can be used to monitor the
progress of the learning during weld training.
Welders who completed their training were also ranked
EDVHGRQWKHLUVNLOOXVLQJWKLVSURFHGXUH)LJXUHVKRZV
YROWDJH3''VIRUVRPHRIWKHZHOGHUVDPRQJWKHWKLUW\
welders who participated in this study and the ranking
JLYHQ WR WKHP EDVHG RQ WKH VKDSH RI WKH 3''V 7KLV
ranking matched closely with the ranking given by the
training institute independently based on the dimensions
and appearance of the weld bead prepared by them.
Thus, it is demonstrated that high speed data acquisition
during welding and subsequent analysis of this data is
an ideal technique for evaluating the skill of welders.
Adoption of this technique can bring down the time and
cost involved in the training and is relevant in the skill
development initiatives in the country.

Fig. 3 Voltage PDD for the welds prepared by different
welders and the shape of the voltage signal of the
welding by a trainee at different stages of training
along with that of an experienced welder
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VI.22 Pilot Plant for Eco-Friendly Disposal
of Waste Sodium

A

pilot plant for eco friendly disposal of waste sodium
LVLQRSHUDWLRQDW)57*VLQFH:DVWHVRGLXP
is melted and allowed to react with air in a controlled
manner. The resulting gas stream containing sodium
aerosols is passed through two water scrubbers, one
a quench tank and a venturi scrubber, viz.,to remove
the aerosols by forming caustic solution so that the gas
discharged into atmosphere contains minimum sodium
hydroxide aerosols within the threshold limit of 2 mg/m.
The caustic solution is neutralized before disposal.
Problems faced during burning of sodium

Initially waste sodium was melted in the reaction vessel
itself by surface heaters. As sodium undergoes oxidation
within the reaction vessel, due to the heat of oxidation
RIVRGLXP 0-NJ WKHUHDFWLRQYHVVHOWHPSHUDWXUH
drastically increased to 900-1000°C . As the disposal
process ended, the vessel temperature was drastically
reducing. Thus, very high temperature associated with
high thermal transients resulted in cracks in the reaction
vessel after few campaigns of operation.
5HDFWLRQYHVVHOPRGL¿FDWLRQ
After considering various options to limit the vessel
temperature it was decided to insulate the sodium
wetted inner surface of the reaction vessel with refractory
material compatible with burning sodium.
2QOLWHUDWXUHVXUYH\LWZDVIRXQGWKDWWKH$OXPLQD $O22)
based refractory materials are suitable candidates

Fig. 1 5HDFWLRQYHVVHOPRGL¿HGZLWKLQWHUQDO
refractory insulation
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for sodium environment. In consultation with expert
refractory manufacturers, it was decided to internally
insulate the reaction vessel with two layers of two
different grades of pure alumina based monolithic
UHIUDFWRU\YL]7$%&$67/  ZZ DOXPLQD DQG
TABCAST 99 (99% (w/w) alumina(Figure 1).
The thickness of each layer for burning 5 kg of waste
sodium at a time, with the reaction vessel temperature
OLPLWHGWRZLWKLQ&LVDUULYHGDVPPDIWHU
numerical heat transfer analysis. The height of the
insulation arrived at is 200 mm, which is just below the
air inlet nozzle. Since, with internal insulation, it is not
possible to melt sodium in the reaction vessel itself,
waste sodium is melted in a separate vessel with surface
heating and drained into the reaction vessel by gravity.
)LJXUHGHSLFWVWKHÀRZGLDJUDPRISLORWZDVWHVRGLXP
GLVSRVDOSODQWZLWKWKHPRGL¿HGUHDFWLRQYHVVHO
2SHUDWLRQRISODQWZLWKPRGL¿HGUHDFWLRQYHVVHO
7KH GLVSRVDO SODQW ZDV RSHUDWHG ZLWK WKH PRGL¿HG
reaction vessel for disposing 4.2 kg of waste sodium.
It took 90 minutes for the complete disposal of waste
VRGLXP 'XULQJ WKH GLVSRVDO SURFHVV WKH PD[LPXP
surface temperature of the reaction vessel was
&6RIDUDERXWNJRIZDVWHVRGLXPKDVEHHQ
safely disposed in this plant. The total sodium aerosol
concentration obtained in the exhaust stream to
atmosphere is less than 2 mg/m.

Fig. 2 Flow diagram of pilot waste sodium disposal plant

I N F R A S T R U C T U R E FA C I L I T I E S

VI.23 Enrichment of Infrastructure and E-resources at SIRD

S

FLHQWLILF ,QIRUPDWLRQ 5HVRXUFH 'LYLVLRQ 6,5' 
continuously strives towards enhancing the digital
OLEUDU\DUFKLWHFWXUHDQGV\VWHPVWRHQVXUHWKHHႈFLHQW
information access by scientists/engineers and students
SXUVXLQJ5 ',QWKHUHFHQWSDVW6,5'KDVXQGHUWDNHQ
VHYHUDOHႇRUWVWRHQULFKLW¶VLQIRUPDWLRQUHVRXUFHVDQG
also the supporting infrastructure in order to provide
value added information services across the IGCAR
campus and quick dissemination of information.
Infrastructure development activities
Adding workstations

In order to cater to a large community of students visiting
the library for reference and to enable the Trainee
6FLHQWL¿F2ႈFHUVWRDFFHVVWKHLQIRUPDWLRQUHVRXUFHV
in the library even while consider the optimum use of
the available space, Zero client systems with centralized
servers were procured and commissioned (Figure 1).
6HUYHUV ZHUH FRQ¿JXUHG ZLWK /,18; DQG :,1'2:6
operating systems to enable the users to choose an
operating system.
Enhancing the networking
The speed of networking was upgraded from the
existing 100 Mbps to 1 Gbps. Five numbers of 24 port1G switches along with necessary cables and input/
RXWSXWER[HVZHUHSURFXUHGDQGFRQQHFWHGHႇHFWLYHO\
in order to increase the speed of information retrieval
by the patrons.
Computerization of card catalogue
A card catalogue is a physical listing of the contents of
a library, organized as a single card entry for each of
the item available. In order to quickly identify and locate
WKHKROGLQJV6,5'KDVGHYHORSHGDQDXWRPDWHGYHUVLRQ
RI WKH FDUG FDWDORJXH IRU WKH  EHQH¿W RI XVHUV 7KH
physical appearance of these index cards are replicated
in systems through programs.

Fig. 1 Zero Client Systems at Training School

format and can be made accessible to the users on
WKHGHVNWRSV6,5'FRQWLQXHVWRHQULFKLW¶VLQIRUPDWLRQ
resources to match the requirements of scholars in the
Centre. In this context, the following resources have
been added recently.
The scientific citation indexing services Web of
Science and Sci-Finder have been subscribed and
are made available for users. Web of Science covers
FRUH FROOHFWLRQ ZLWK EDFN ¿OH DFFHVV VLQFH   DQG
Sci-Finder is aimed to enhance the knowledge database
which provides integrated access to chemistry and
related science information.
Research writing tool
A research writing support tool providing support for
technical writing and enhancing a document. This
tool has been added to help in manuscript preparation
especially for the young scholars

5HSRVLWRU\RIWHFKQLFDODQGVFLHQWL¿FYLGHRV
2XU&HQWUHFRQGXFWVVHPLQDUVFRQIHUHQFHVFROORTXLXP
series and special lectures in a variety of topics during
the entire year. The lectures and presentations made
during these events are captured and stored in an
organized fashion for quick access by patrons. Besides,
LQLWLDWLYH KDV DOVR EHHQ WDNHQ WR FROOHFW VFLHQWL¿F DQG
technical videos available on internet, relevant to the
patrons, for hosting on library gateway site as shown
in Figure 2.
Enrichment of e-resources
There is a tremendous growth of e-contents for libraries.
Much of the library resources are now available in digital

Fig. 2 SIRD video library
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VI.24 Automation of Purchase Process
$XWRPDWHG:RUNÀRZ0DQDJHPHQW6\VWHP $7206 LV
DQRQOLQHUROHDQGZRUNÀRZEDVHGV\VWHP,WHQDEOHV
WKH VPRRWK DQG WUDQVSDUHQW ÀRZ RI ZRUN DFURVV WKH
areas of Administration, Accounts, Stores and Budget
management, implemented in our Centre as a part
of initiative towards e-governance and creation of a
“paper-less” management. Taking into consideration
the increasing volume of purchases being made by
WKH'HSDUWPHQWWRPHHWWKHWDUJHWV\HDUDIWHU\HDUDQG
also have a continuous update on the expenditure,
automation of the purchase processes at Madras
5HJLRQDO3XUFKDVH8QLW 0538 ,QWHJUDWLRQRISXUFKDVH
SURFHVVXQGHU$7206ZLOOEULQJWKHHQWLUHSURFHVVIURP
indent raising to making payment for purchases on the
same platform, without the need for re-entering any data
during the entire process.
All the purchase requests of IGCAR are processed by
0DGUDV 5HJLRQDO 3XUFKDVH 8QLW ORFDWHG DW &KHQQDL
0538 DOVR FDWHUV WR WKH SXUFKDVH UHTXLUHPHQWV RI
RWKHU 8QLWV YL] *62 %$5&) DQG +:3 7XWLFRULQ 
3UHVHQWO\ DOO WKH LQGHQWV UHFHLYHG IURP GLႇHUHQW 8QLWV
are processed using a client-server based software.
7KHQXPEHURILQGHQWVUHFHLYHGDW0538IURPGLႇHUHQW
8QLWVKDVLQFUHDVHGVLJQL¿FDQWO\RYHUDSHULRGRIWLPH
To cope-up with the increased workload there was an
XUJHQWQHHGWRDXJPHQWWKH,7VHUYLFHVDW0538
The purchase process involves the following major
activities.
a) Indenting
b) Tendering
c) Post tender communications with indentors\
vendors
d) Awarding purchase order
H 3RVW32FRPPXQLFDWLRQVZLWKYHQGRUV
I  +DQGOLQJ RI (DUQHVW 0RQH\ 'HSRVLWV %DQN
*XDUDQWHHV/HWWHUVRI&UHGLWHWF
g) Payment to the vendors
All the above mentioned activities have been automated
WKURXJK $7206 )LJXUH   7KH LQGHQWV ZKHQ
WUDQVPLWWHGWR0538DUHDVVLJQHGD¿OHQXPEHUDQG
tendered through an e-tender (most often used) or
PDQXDO WHQGHU QHHG EDVHG  PRGH$7206 SURYLGHV
LQWHUIDFHIRUÀRZRIGDWDWRHWHQGHUSRUWDO)RUPDQXDO
tender action, it generates various tender forms and also
the comparative statement after receipt of quotations
from the vendors. Based on the recommendations of
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Fig. 1 Various stages in purchase process

WKH LQGHQWHUV WKH ¿OHV DUH IXUWKHU SURFHVVHG WRZDUGV
placing the purchase orders.
Apart from performing the purchase functions like
indenting, tendering and purchase order etc., the
provision for communication with the click of a button,
EHWZHHQ WKH 0538 DQG VXSSOLHUV DQG DOVR EHWZHHQ
0538 DQG LQGHQWHUV LQ WKH IRUP RI DXWRJHQHUDWHG
emails, email alerts etc. have been made available.
The indenters also have a provision to access the
status of their indents almost immediately to track the
developments at any given time. Automated email
LQIRUPDWLRQRQSXUFKDVH¿OHQXPEHUWHQGHUGXHGDWH
¿OH VHQW WR VLWH IRU UHFRPPHQGDWLRQ SXUFKDVH RUGHU
generation etc., periodically reach the desktop for any
follow-up action required.
The purchase process also connects to the Madras
5HJLRQDO$FFRXQWV8QLW 05$8 IRUPDNLQJSD\PHQWV
to suppliers for items purchased based on the Receiving
9RXFKHU 59  ZKLFK DUH VXEPLWWHG E\ LQGHQWRUV WR
the local Stores. As the Stores is already linked to the
$7206 WKH 59V LVVXHG E\ 6WRUHV UHDFKHV 05$8
immediately upon processing and this precludes any
GHOD\LQUHFHLSWRISK\VLFDOFRS\RI59VDQGDOVRUHHQWU\
RI59GDWDDW05$8
Following are the salient features of the system.
D

2QOLQHZHEEDVHGV\VWHP

b)

Interface with e-tender portal

F

/LQNLQJRI0538DQG6WRUHV,*&$5

d)

Generation of automated email alerts

H

9DULRXV0,6DQGH[FHSWLRQUHSRUWV

This system has been successfully commissioned and
is operational. It is intended to ease the workload of
OLPLWHGVWDႇDYDLODEOHDW0538WRFDWHUWRWKHLQFUHDVLQJ
UHTXLUHPHQWVRISXUFKDVHVPDGHE\YDULRXV8QLWV
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Awards & Honours
Dr. P. R. Vasudeva Rao, the then Director, IGCAR has been selected as the Vice President for the Council of Materials Research
Society of India during the year 2015-2018
Dr. A. Ravishankar Project Director, FRFCF has been conferred with the INS Outstanding Service Award on Nuclear Fuel Cycle
Technologies, including radiation safety and Environmental Protection
Dr. U. Kamachi Mudali is awarded AICTE-INAE Distinguished Visiting Professorship by INAE, New Delhi for the year 2015-16
Dr. B. P. C. Rao has been conferred with International Recognition Award, by the Indian Society for NDT
Dr. Anish Kumar has been conferred with ISNT National NDT Award for Research and Development
“VA Chandramouli Award” by the Indian Society for
Dr. T. Jayakumar, MMG has been bestowed with
Non-destructive Testing, Hyderabad Chapter - award received on April 02, 2015
Dr. S. Thirunavukkarasu has been conferred with ISNT National NDT Award for NDT Systems Innovation and Development
Dr. N. V. Chandra Shekar has been selected by President, MRSI to receive the MRSI Medal for the year 2015
Dr. John Philip has been elected as a member of the editorial committee for the Indian Journal of Engineering & Materials
Sciences since 2015
Dr. S. Amirthapandian has received the “Young Scientist Award” for the year 2014 from the Academy of Sciences, Chennai
Kalpakkam Community Radio Station (KCRS) was awarded second place under the category of best community radio program
conducted by Anna University along with UNICEF
Dr. N. R. Sanjay Kumar has received the Best Thesis award for his thesis titled “High Pressure High Temperature Synthesis and
Study of Novel Transition Metal Carbides” during the 59th DAE Solid State Physics Symposium The award is instituted by Indian
Physics Association
Ms. K. Kamali has received the “Dr. K. V. Rao Research Award” for the year 2014 -15, in Physics for her research work
titled “Selective Soft Mode Frustration in KMn[Ag(CN)2]3 Single Crystals Studied by Raman Spectroscopy and First-Principles
Calculations” from Dr. K. V. Rao Scientific Society
Dr. M. Sai Baba, has been elected as a Fellow of the Academy of Sciences, Chennai on April 10, 2015
Dr. Rani P. George has been elected as a Fellow of the Indian Institute of Metals and also received
Shri. S.K. Seshadri Memorial Mascot National Award, 2015 from Electrochemical Society of India, Bangalore in the area of
corrosion and electrochemistry

HBNI Awards
On the occasion of HBNI completing 10 years of excellence, distinguished faculty and out standing students were felicitated.
Awards were presented in a special ceremony organised at Mumbai to commemorate the occasion.
Distinguished Faculty Award
Dr. B.V. R. Tata; Dr. John Phillip; Dr. K. Velusamy; Dr. U. Kamachi Mudali
Outstanding Doctoral Student Award
Dr. Prasana K. Sahoo for the thesis titled ”Quasi One Dimensional GaN Nanostructures: Growth Kinetics, Physical Properties,
and Applications” in Physical Sciences
Dr. Shima P. Damodaran for the thesis titled “Synthesis, Characterization, Thermal and Rheological Studies in Nanofluids” in
Chemical Sciences
Dr. S. Ravi for the thesis titled “Design and Development of In-Sodium Creep Testing Facility and Influence of Dynamic Sodium
on Creep Properties of Structural Materials for Fast Reactors” in Engineering Sciences
Outstanding M. Tech. Student Award
Shri Aritra Sarkar for the thesis titled “Deformation Behaviour under Ratcheting of a Type 316LN Stainless Steel”
Shri V. Arjun for the thesis titled “Finite Element Model Based Optimization of Pulsed Eddy Current Probe for Sub-Surface NDE”
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DAE Awards
Department of Atomic Energy has instituted annual awards for excellence in Science, Engineering and Technology in order
to identify best performers in the area of Research, Technology Development and Engineering in the constituent units (other
than Public Sector Undertakings and Aided Institutions). The Young Applied Scientist, Young Engineer, Young Technologist,
Homi Bhabha Science and Technology Award and Scientific and Technical Excellence Award fall under this category. Group
Achievement awards for recognition of major achievements by groups have also been instituted. Life-time Achievement Award
is awarded to one who has made significant impact on the DAE’s programmes. They are the icons for young scientists and
engineers to emulate. The awards consist of a memento, citation and cash prize.
The recipients of the Awards from IGCAR for the year 2014 are:
Scientific and Technical Excellence Award

: Shri A. Palanivel, RDG
Shri A. John Arul, RDG

Young Applied Scientist / Technologist Award

: Shri Barid Baran Lahiri, MMG
Shri Satyabrata Mishra, RpG

Young Scientist Award

: Dr. Arun Kumar Rai, MMG

Young Engineer Award

: Shri A. Viswanath, MMG
Shri Sanjeev Kumar, RDG
Shri T. Raj Kumar, RDG
Shri Juby Abraham, RDG

Meritorious Technical Support Award

: Shri G. Ramadoss, ESG
Shri P. Bakthavachalam, FRTG
Shri K. Arumugam, ROMG
Shri R. Rajaram, CG

Meritorious Service Award

: Ms. Shanthi Rajendran, FRTG
Ms. Sasikala Manohar, MSG

Group Achievement Awards:
Development of Indian Reduced Activation Ferritic Martensitic (INFRAFM) Steel for India’s Test Blanket Module (TBM) in ITER
Dr. T. Jayakumar, MMG, Group Leader
Dr. Arun Kumar Bhaduri, Dr. K. Laha, Dr. Saroja Saibaba, Shri Raju Subramanian, Dr. R. Sandhya, Dr. V. S. Srinivasan,
Dr. Aniruddha Moitra, Dr. A. Nagesha, Dr. Vani Shankar, Dr. R. Mythili, Shri Sunil Goyal, Shri M. Nandagopal,
Shri G. V. Prasad Reddy, Shri V. David Vijayanand, Ms. J. Vanaja, Shri Arun Kumar Rai, Shri Aritra Sarkar, Shri K. Mariappan,
Shri N. S. Thampi, Shri R. Balakrishnan, Ms. S. Panneer Selvi, Shri M. Govindasamy from MMG
Design and Development of Wireless Sensor Networks for Nuclear Facilities
Dr. S .A. V. Satya Murty, EIRSG, Group Leader
Ms. Jemimah Ebenezer, Shri Sukant Kothari, Ms. D. Baghyalakshmi, Ms. G. Sandhya Rani, Ms. Vinita Daiya,
Shri T. S. Shri Krishnan, Ms. Deepika Vinod, Ms. R. Vijayalaxmi, Dr. R. Baskaran, Shri V. Gopalakrishnan, Dr. M. T. Jose,
Shri R. Nandakumar, Shri N. Radhakrishnan, Shri V. Balu, Shri Ibrahim Khan, Shri P. Solai Raj, Shri A. Boopalan,
Shri N. Sathish Kumar, Shri K. Rajesh from EIRSG, Shri S.Vannia Perumal, Shri P. Venkatesh, Dr. B. Prabhakara Reddy from
CG, Shri T. Chandran, Shri M. Shanmugavel, Shri B. Babu from FRTG, Shri Kalyan Rao Kuchipudi, Shri D. Loganathan,
Shri R. Shunmugavel, Shri P. Immanuel Stephen from ROMG
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Experimental Verification and Qualification of Equipment towards Demonstrating Safety of Sodium Systems of PFBR
Dr. D. Ponraju, RDG, Group Leader
Shri P. Selvaraj, Shri B. K. Nashine, Shri E. Hemanth Rao, Shri S. S. Ramesh, Shri Sanjay Kumar Das, Shri G. Punitha,
Shri Arjun Pradeep, Ms. G. Lydia, Ms. B. Malarvizhi, Shri M. Kumaresan, Shri S. S. Murthy, Shri Anil Kumar Sharma,
Shri S. Athmalingam, Shri V. Balasubramaniyan, Shri P. Mangarjuna Rao, Shri S. Srinivasan, Shri K. E. Jebakumar,
Shri Ch. S. S. S. Avinash, Shri Avinash Kumar Acharya, Ms. V. Snehalatha, Shri G. Venkat Reddy, Shri S. Muthu Saravanan,
Shri J. Anandan, Shri T. Lokesh, Shri V. Sebasti John, Shri S. Satheesh Kumar, Ms. Sujithra, Shri R. Suresh Kumar,
Shri M. Aravind, Shri R.

Manu from RDG, Shri V. Venkatachalapathy, Shri N. Suresh, Shri M. K. Satheesh Kumar,

Shri D. Balamurugan, Ms. R. Thilakavathi,

Shri D. Hari, Shri G. Ramanathan, Shri P. Senthil Arumugam from ESG,

Shri T. V. Maran, Shri K. Mohan Raj, Shri Chandramouli, Shri G. Kempul Raj, Shri R. Iyappan, Shri R. Parandaman,
Shri S. Kannan, Shri P. Lakshmayya, Shri P. Pothi from FRTG
Design, Development and Experimental Testing of Sodium Submersible Annular Linear Induction Pump (SALIP) for FBR
Shri B. K. Nashine, FRTG, Group Leader
Shri B. Babu, Shri K. V. Sreedharan, Shri B. K. Sreedhar, Shri S. Chandramouli, Shri G. Vijayakumar, Ms. J. I. Sylvia, Shri V. Ramakrishnan,
Shri S. K. Dash, Shri Prashant Sharma, Shri Vijay Sharma, Shri R. Rajendra Prasad, Shri Gautam Anand, Shri S. Kannan,
Shri R. Iyyappan, Shri P. Lakshmayya, Shri P. Pothi, Shri P. Vijaya Mohan Rao, Shri G. Anandan, Shri P. Bakthavatchalam,
Shri V. Krishnamoorthy,

Shri Pitambar Padhan, Shri A. Ashok Kumar, Shri S. Krishnakumar, Shri Parmanand Kumar,

Shri N. Venkatesan, Shri A. Thirunavukkarasu, Shri P. C. V. Murugan, Shri N. Mohan, Shri M. Karthikeyan, Shri K. Ramesh,
Shri Shaik Rafee, Shri L. Mohanasundaram, Shri L. Muthu, Shri N. Sreenivas, Shri L. Eagambaram, Shri D. Muralidhar,
Shri S. Ravishankar, Shri S. Alexander Xavier, Shri C. Rajappan, Shri K. Ganesh, Shri Ashish Tiwari, Shri P. R. Ashokkumar,
Shri K. Arumugam, Shri Shiv Prakash Ruhela, Shri R. K. Mourya, Shri R. Ramalingam, Shri Vijay Tirkey, Shri P. Sonai,
Shri M. Kathiravan, Shri K. A Bijoy, Shri A. Selvakumaran, Shri D. Laxman, Shri M. Anbuchelian, Shri N. Chakraborty,
Ms. Indra G. Ramadoss from FRTG
Design, Numerical and Experimental Simulations, Development and Qualification of Principal Fuel Handling Machines of PFBR
Shri S. Raghupathy, RDG, IGCAR & Shri R.J. Patel, RD&DG, BARC - Group Leaders
Shri Jose Varghese, Shri A. Venkatesan, Shri N. Subramanian, Shri E. Balasundaram, Shri M. A. Sanjith, Ms. T. Suguna,
Shri P. Shanmuganathi, Shri R. Suresh Kumar, Shri C. Ragavendran, Shri S. D. Sajish, Shri S. K. Rajesh, Shri M. Babu Rao,
Shri R. Manu, Shri S. Ramesh, Shri M. Aravind, Shri G. Venkataiah, Shri V. Devaraj, Shri P. Raja, Shri V. Balasubramaniyan,
Shri Sriramachandra Aithal, Shri Abhishek Mitra, Shri S. Saravanan, Ms. M. M. Shanthi, Shri P. Selvaraj, Dr. R. Gajapathy,
Dr. K. Velusamy, Shri R. Arulbaskar, Shri K. Natesan, Shri S. Jalaldeen, Shri Bhuwan Chandra Sati, Shri Sanjay Kumar Pandey,
Shri C. S. Surendran, Shri V. N. Sakthivel Rajan, Shri S. Arumugam, Shri Sanjeev Kumar, Shri P. Lennin, Shri L. Chandrasekaran,
Shri S. Duraikannu from RDG, Shri S. Jaisankar, Shri G. Kempulraj, Shri B. S. Ramesh Babu, Shri M. Krishnamoorhy,
Shri V. Praveen Kumar, Shri S. Parivallal, Shri S. A. Natarajan, Shri S. Murugan, Shri S. Satees Kumar, Shri C. Palani,
Shri T. Saravanan, Shri D. Dileep, Shri U. Gunasekaran, Shri S. Ramesh, Shri G. Janarthanan, Shri V. Kodiarasan,
Shri S. P. Jaisankar, Shri A. Padmanabhan, Shri S. Yuvaraj, Shri E. Venkatesan, Shri B. Ramalingam, Shri A. Gunasekaran,
Shri P.

Shanmugam from ESG, Shri B. K. Sreedhar, Shri G. Padmakumar, Shri S. C. S. P. Kumar Krovvidi,

Shri Nilayendra Chakraborty, Shri V. V. Nagaraja Bhat, Shri R. Nirmal Kumar, Shri S. lgnatius Sundar Raj, Shri P. Madan Kumar,
Shri J. Saravanan, Shri R. Krishnamurthy, Shri M. Sambanmurthy, Shri A. Kolanjiappan, Shri R. Ramalingam,
Shri A. Sudarsana Rao, Shri P. Varadan, Shri Rakesh Kumar Mourya, Shri P. A. Kalaimannan, Shri N. Thulasi, Shri Anant Kumar,
Shri T. V. Maran, Shri K. Mohanraj, Shri A. T. Loganathan, Shri D. Kuppusamy, Shri A. Anthuvan Clement, Shri S. Sureshkumar,
Shri J. Jaikanth, Shri R. Shanmugam, Shri M. T. Janakiraman, Shri C. Adikesaven, Shri A. Ashok Kumar, Shri L. Muthu,
Shri S. Bavanirajan, Shri B. K. Nashine, Shri P. R. Ashok Kumar, Shri L. Egambaram, Shri N. Sreenivas, Shri K. Arumgam,
Shri A. Alexander Xavir, Shri P. Chenthil Velmurugan, Ms. M. Chandra, Shri G. Vijaya Kumar, Shri S. Chandramouli,
Shri R. Rajendra Prasad, Shri D. Muralidhar, Shri S. Ravishakar, Shri J. Prabhakaran, Shri R. Parandaman, Shri N. Mohan,
Shri R. Iyappan, Shri K. Ramesh, Shri Sheik Rafee, Shri M. Karthikeyan, Shri V. Kumaraswamy, Shri Gautam Anand,
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Shri D. K Saxena, Shri B. Veeraraghavan, Shri C. Rajappan, Shri S. Kannan, Shri R. Punniyamurthy, Shri S. Krishnakumar,
Shri R. Arjunan, Shri K. Ganesh, Shri Vijay Sharma, Shri Ashish Tiwari, Shri L. Mohanasundaram, Shri Parmanand Kumar,
Shri N. Venkatesan, Shri Pabbineedi Lakshmaya, Shri P. Pothi, Shri A. Thirunavukkarasu, Shri V. Ramakrishnan, Shri K. Jayagopi,
Shri D. Laxman, Shri P. Sonai, Shri S. Shamugam, Shri R. Rajendran, Shri H. Rafiq Basha, Shri J. Prem, Shri M. Kathiravan,
Shri V. Gunasekaran, Shri N. S. Shivakumar, Shri Gautam Kumar Pandey, Shri P. Lijukrishnan, Shri Vijay Singh Sikarwar,
Shri S.Sathishkumar, Shri Nagaraju Bekkenti, Shri K.H. Anub, Shri N. Mariappan, Shri Asif Ahmad Bhat, Shri V. Nandakumar,
Shri R. Nagaraj, Shri K. Thanigairaj, Shri L. S. Sivakumar, Shri S. P. Pathak, Shri P. Narayana Rao, Shri Sukanta Kumar Roy,
Shri B. Babu, Ms. M. Mohana, Shri M. V. Subramanya Deepak, Shri Chandra Sekhar Singh, Shri T. Mohan, Shri J. Vincent,
Dr. J. I. Sylvia, Shri P. Vijaya Mohan Rao, Shri V. S. Krishnaraj, Shri M. Anbuchelian, Ms. S. Divya, Ms. S. Nagajothi,
Shri G. Anandan, Shri P. Bakthavatchalam, Shri C. Ambujakshanan Nair, Shri A. Kulanthai, Shri R. Gunasekaran,
Shri V. Krishnamoorthy, Shri Pitambar Padhan, Ms. Indra G. Ramadoss from FRTG, Dr. Arun Kumar Bhaduri,
Dr. Shaju K. Albert, Dr. Chittaranjan Das, Shri Hemant Kumar, Shri P. Chandrasekaran, Dr. S. Venugopal from MMG,
Shri P. Rajasekar, Shri M. P. Prabhakar, Shri G. Vijayaraghavan, Ms. Alka Kumari from EIRSG, Shri N. Murugesan from CG,
Shri N. Mahendran from FRFCF
The award was also shared by colleagues from BARC, BRIT and VECC

Best Paper/Poster Award
Ab-initio study of the Magnetism, Structure and Spin Dependent Electronic States of Ti substituted MO (M=Mg, Ca, Sr)
Dr. G. Jaiganesh and Dr. S. Mathi Jaya
59th DAE Solid State Physics Symposium
Best Poster Presentation Award
Development of SiC coating by pack cementation as interlayer over graphite for deposition of yttria by plasma spray process
Shri H. Thirunavuakkarasu, Shri E. Vetrivendan, Dr. Ch. Jagadeeswara Rao, Dr. C. Mallika, Shri R. Subramanian and
Dr. U. Kamachi Mudali
National Symposium on Advances in Materials and Processing (NSAMP-2015), PSG College of Technology, Coimbatore, May
(2015)
Best Paper Award
Bioinspired Superhydrophobic Surface by Deposition of Fluorinated Si nano Particles on Type 304L Stainless Steel
Ms. M. Ezhil Vizhi, Ms. S. C. Vanithakumari, Dr. R.P. George, Ms. S. Vasantha and Dr. U. Kamachi Mudali
International Corrosion Symposium for Research Scholars (CORSYM 2015) at IIT, Madras,
Best Paper Award
Deployment of Wireless Sensor Network for Radiation Monitoring
Ms. Jemimah Ebenezer and Dr. S. A. V. Satya Murty
International Conference on Computing and Network Communications (CoCoNet’15) at IIITM-K, Trivandrum
Best Paper Award
Theoretical Analysis on Designing Full Functional Device of WSN using Wireless Power Transfer
Ms. Vinita Daiya, Shri T. S. Shri Krishnan, Ms. G. Sandhya Rani, Ms. Jemimah Ebenezer, Dr. S. A. V. Satya Murty
and Dr. B. P. C. Rao
12th IEEE India International Conference (INDICON 2015) at Jamia Millia Islamia, New Delhi
Best Paper Award

Patent
“Wash Solution Suitable for use in Continuous Reprocessing of Nuclear Fuel and a System Thereof”
authored by Dr. P. Govindan, Shri K. Dhamodharan, Shri K. S. Vijayan, Dr. R. V. Subba Rao, Shri M. Venkataraman and
Dr. R. Natarajan, has been granted as patent by Japan - (Japanese Patent No. 5643745)
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IGCAR Publications during the Year 2015

178
222
546

Ar cles In Journals
Ar cles In-Press
Conference papers

10

444

Internal Reports
Books /Book Chapters

Special Lectures and Colloquia Series
IGC Colloquium
1.

“Semiconductor Materials and Device Research and Development at Solid State Physics
Laboratory-an Overview” by Dr. R. Muralidharan, Director, Solid State Physics Laboratory, DRDO,
New Delhi, January 6, 2015

2.

“Nuclear Power: The Need, Perception and the Realities”, by Dr. S. K. Malhotra, Head, Public Awareness
Division, DAE, Mumbai, January 23, 2015

3.

“Can India have Uninterrupted Power in all its Homes: Leveraging Decentralised Solar –DC”,
by Prof. Ashok Jhunjhunwala, IIT Madras, February 19, 2015

4.

“General Relativity: A Hundred Years Later” by Prof. Ghanashyam Date, IMSc, Chennai, May 12, 2015

5.

“Pathways to Energy Sustainability for India” by Dr. Baldev Raj, Director, NIAS, Bengaluru, July 9, 2015

6.

“Cardiac Health: Probing by Non-Invasive Methods” by Prof. Riccardo Fenici, Director of Clinical
Physiology, Centre for Biomagnetism Catholic University, Rome, Italy and European Director, Society for
Police and Criminal Psychology, July 23, 2015

7.

“Expanding Nuclear Power Programme in India, the Prospects & Challenges and the Role of FBRs”
by Dr. C. Ganguly, former Chief Executive, NFC, Hyderabad, August 11, 2015

Special Lectures
8.

“Self-Assembled Photoresponsive Materials”, Bhatnagar Memorial Lecture by Dr.Suresh Das, Director,
NIIST, Trivandrum, February 9, 2015

9.

“Safety Regulation of Nuclear and Radiation Facilities in India” Lecture by Shri S. S. Bajaj, Chairman,
AERB, February 24, 2015, as a part of Know your DAE Lecture series organized to commemorate the
Diamond Jubilee Celebration

10. “Energy Security and Sustainability: Approaches and Priorities for Growing and Aspiring India” by
Dr.Baldev Raj, Director, National Institute of Advanced Studies, Know your DAE Lecture series organized
to commemorate the Diamond Jubilee Celebration, March 14, 2015
11. “Big World of Small Neutrinos”, IANCAS (SRC), Seaborg Memorial Lecture by Prof.M.V.N.Murthy, Institute
of Mathematical Sciences, Taramani, Chennai, April 20, 2015
12. “Nuclear Power : Past, Present and Future” N. Srinivasan Memorial lecture by Dr. R. K. Sinha, Chairman,
Atomic Energy Commission & Secretary, Department of Atomic Energy, 19 May, 2015
13. “Harnessing Technology for Development: A Governance Challenge in Indian Context”, DAE Diamond
Jubilee Colloquium by Dr. Anil Kakodkar, INAE Satish Dhawan Chair of Engineering Eminence, and Former
Chairman, Atomic Energy Commission and Secretary, Department of Atomic Energy, July 03, 2015
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14. ³,QGLD¶V1XFOHDU3URJUDPPH7KH0DLQ7KUXVWDQGWKH6SLQ2ႇV´'$('LDPRQG-XELOHH&ROORTXLXPE\
'U5&KLGDPEDUDP3ULQFLSDO6FLHQWL¿F$GYLVRU*RYHUQPHQWRI,QGLD.QRZ\RXU'$(/HFWXUHVHULHV
organized to commemorate the Diamond Jubilee Celebration, July 24, 2015
15. “Chemistry R&D in DAE: Technology Incubation and Transfer” Special Lecture by Dr. B.N. Jagatap,
Director, Chemistry Group, BARC, July 30, 2015
16. “Nano Catalysis- Doing the Impossible” Acharya P.C. Ray Memorial Lecture by Prof. M.O. Garg, Director
*HQHUDO&RXQFLORI6FLHQWL¿F ,QGXVWULDO5HVHDUFK &6,5 1HZ'HOKL$XJXVW
17. “Development of Alloys for Application in the Nuclear Energy Sector: Some New Perspectives” Dr. Placid
Rodriguez Memorial Lecture by Dr. G.K. Dey, Associate Director, Materials Group, BARC, October 5, 2015

Seminars, Workshops and Meetings
1. Theme Meeting on “Advances in Back End Fuel Cycle Technologies”, January 20, 2015
2. DAE-BRNS Theme Meeting: “Chemistry in Nuclear Technology - CHEMNUT 2015”during July 30-31, 2015
3. National Workshop on “Luminescence Material Devices and Applications (LMDA-2015)” during
August 19-20, 2015
4.

“Indo-UK Workshop on MSSMNA-2015” during December 16-17, 2015

Nurturing Activities
1. ³2ULHQWDWLRQ3URJUDPPHIRU<RXQJ2ႈFHUV´0DUFK
2. “Women’s Day Celebration”, March 20, 2015
3. “International Women’s Day” March 23, 2015
4. “Technology Day Meet 2015”, May 11, 2015
5. “BITS Pilani Practice School” May 22 to July 16, 2015
6. “Summer Training in Physics and Chemistry (STIPAC - 2015) from May 25 to July 3, 2015
7. “One day Awareness Workshop for Women” as a part of DAE Diamond Jubilee Celebrations organized
by Tamil Nadu Science Forum, July 5, 2015
8. “Tamil Nadu State Level Quiz Program” as a part of DAE Diamond Jubilee, July 24, 2015
9. Graduation Function of the OCES-2015, 9th Batch of BARC Training School at IGCAR, July 29, 2015
10. “SACSE Outreach Program for Tamil medium Schools around Kalpakkam”, August 22, 2015
11. “Quality Circle Annual Meet (QCAM-2015)”, September 9, 2015
12. Prof. Brahm Prakash Memorial Material Quiz organized by IIM Kalpakkam Chapter,
September 18-20, 2015

Administrative Seminars/Meetings
1. “World Hindi Day Celebration”, January 9, 2015
2. ATI/DAE Workshop on “Art of Technical Writing”, March 26, 2015
3. $7,'$(7UDLQLQJ3URJUDPPH±³3HQVLRQDQG5HWLUHPHQW%HQH¿WV´GXULQJ-XO\DQG$XJXVW
4. ATI/DAE Programme on “Tamil Language Essentials” during August 25 & 26, 2015
5. “Hindi Fortnight-2015 Celebrations” during September 14-30, 2015
6. $7,'$(¶V³&DSDFLW\(QKDQFHPHQW´:RUNVKRSIRU3HUVRQQHO6WDႇGXULQJ2FW
7. “Vigilance Awareness Week” during October 26-30, 2015
8. $7,'$(¶V³&DSDFLW\(QKDQFHPHQW´:RUNVKRSIRU&OHULFDO6WDႇGXULQJ'HF
9. ATI/DAE Training program for CISF, December 21, 2015
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Conference and Meeting Highlights
Orientation Programme for Young Officers
February 16 – March 6, 2015

'U359DVXGHYD5DRWKHWKHQ'LUHFWRU,*&$5DGGUHVVLQJWKH\RXQJRႈFHUVGXULQJWKHYDOHGLFWRU\IXQFWLRQ

Orientation Programme for the directly recruited
\RXQJ RႈFHUV DQG RႈFHUV IURP 7UDLQLQJ 6FKRROV
other than IGCAR, who have joined our Department
in the recent past, was
February 16 – March 6, 2015

organized

during

This three week long programme, was designed to
give an outline of the research and development
DFWLYLWLHVRIRXU&HQWUHWRWKH\RXQJRႈFHUV(DFK
day a senior colleague from the DAE facilities
delivered a lecture on the research activities of their
Group and it was followed by a visit to the respective
facility.
7KH RႈFHUV ZHUH DOVR LQIRUPHG DERXW WKH DFWLYLWLHV
of other DAE units located at Kalpakkam by senior

colleagues of the respective Units. Visits were
arranged to MAPS, BHAVINI and BARC-Facilities
located at Kalpakkam.
Interactive sessions were also organized for bringing
awareness about Administration, Accounts and
Purchase procedures, Rules in Contributory Health
Service Scheme and Industrial Safety Practices.
2ႈFHUVIURP%$5&7UDLQLQJ6FKRRO,*&$5MRLQHGLQ
the recent past were also invited to participate in this
interactive session.
The orientation programme concluded with a feedback
session from the participants and with a address by
Dr. P. R. Vasudeva Rao, the then Director, IGCAR as
a part of the valedictory function.

Group photograph of participants with Dr. P.R. Vasudeva Rao, the then Director, IGCAR and colleagues of RMG during
the valedictory function
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11th CEA-IGCAR Annual Meeting on Liquid Metal Fast Breeder Reactor Safety
March 23-27, 2015

Dr. P.R. Vasudeva Rao, the then Director, IGCAR along with the delegates from CEA

IGCAR and CEA, France have worked together in
WKH ¿HOG RI OLTXLG PHWDO IDVW EUHHGHU UHDFWRU VDIHW\
Under this bilateral cooperation, many collaborative
projects have been taken up and completed. The
11th CEA-IGCAR annual meeting to review the
ongoing collaborative project took place during
March 23-27, 2015. The CEA team led
by Dr. Christian Latge consisted of ten
experts and the IGCAR team was led by
Dr. P. R. Vasudeva Rao, the then Director IGCAR.
During the meeting Implementing Agreements for
collaboration on new projects were also signed.
Following ongoing collaborative projects among
others were reviewed during the meeting.
 )OXLG VWUXFWXUH LQWHUDFWLRQ DSSOLHG WR FRUH
mechanical behavior

 $WPRVSKHULFGLVSHUVLRQPRGHOLQJ
 %HQFK PDUN RQ 2[LGH 3KHQL[ SLQ  DQG &DUELGH
(FBTR Pin) Fuels Safety Criteria evaluation
 7HVWLQJ RI ,*&AR ECHM on a sodium facility at
Cadarache
 ([SHULPHQWDO  WKHRUHWLFDO VWXGLHV IRU XQGHU
sodium viewing for navigation and object detection
 &KDUDFWHUL]DWLRQRIJDVFRQWHQWLQVRGLXP
 6HYHUHDFFLGHQWLQVRGLXPFRROHGIDVWUHDFWRU
 'LVORFDWLRQ SUHFLSLWDWH LQWHUDFWLRQ
temperature in model ODS Alloys

DW

KLJK

 7KHUPRG\QDPLF0RGHOLQJRIWKHDFWLQLGHFDUELGHV
and oxides systems
 6RGLXP)DVW5HDFWRU(GXFDWLRQDQG7UDLQLQJ

 &DUERQDWLRQRI1DDHURVROV

Delegations from United States Nuclear Regulatory Commission
May 4-5, 2015

'HOHJDWLRQVIURP8QLWHG6WDWHV1XFOHDU5HJXODWRU\&RPPLVVLRQOHGE\'U:LOOLDP2VWHQGRUႇZLWK'U7-D\DNXPDU
Director, MMG and senior colleagues of the Centre

$GHOHJDWLRQIURP8QLWHG6WDWHV1XFOHDU5HJXODWRU\&RPPLVVLRQOHGE\'U:LOOLDP2VWHQGRUႇ&RPPLVVLRQHU
US Nuclear Regulatory Commission visited the Centre during May 4- 5, 2015. After a meeting with
Dr. T. Jayakumar, the then Director, MMG and other senior colleagues, the delegation visited the Fast Breeder
Test Reactor, Radio Metallurgy Laboratory, facilities in Fast Reactor Technology Group and Structural
Mechanics Laboratory. The team also visited Madras Atomic Power Station and construction site of Prototype
Fast Breeder Reactor.
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BITS Practice School
May 22 - July 16, 2015

Students from BITS Practice School with Dr. S. Venugopal, the then Director, MMG and Dr. M. Sai Baba, Associate
Director, RMG during the valedictory function

7ZHQW\ ¿YH VWXGHQWV IURP %,76 3LODQL +\GHUDEDG
and Goa campuses underwent Summer Practice
School at our Centre during May 22-July 16, 2015.
This programme is aimed at exposing the students
to industrial and research environments, how the
organizations work, to follow and maintain work ethics,
study the core subjects and their applications in the
organization, participate in the assignments given
to them in the form of projects. The students were
from various disciplines like Chemical Engineering,
Computer Science & Engineering, Electrical &
Electronics Engineering, Electronics & Instrumentation
Engineering, Electronics & Communication Engineering,

Mechanical Engineering and Information Systems.
Dr. Parameshwaran, BITS Practice School Division
was the programme coordinator. Students carried out
challenging projects in various Groups of the Centre
according to their discipline. During the period of their
stay, they visited various facilities at IGCAR, BHAVINI
and MAPS. As a part of the curriculum, quiz, project
work presentations, group discussions and report
writing were done. The valedictory function was held
on July 16, 2015 with Dr. S. Venugopal, the then
Director, Metallurgy and Materials Group delivering the
YDOHGLFWRU\ DGGUHVV DQG GLVWULEXWLQJ WKH FHUWL¿FDWHV WR
the students.

Dr. S. Venugopal, the then Director, Metallurgy and Materials Group delivering the valedictory address and distributing
WKHFHUWL¿FDWHVWRWKHVWXGHQWV
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Summer Training in Physics and Chemistry (STIPAC - 2015)
26 May - 03 July, 2015

Dr. Anil Kakodkar, Former Chairman, Atomic Energy Commission and Dr. P. R. Vasudeva Rao, the then Director,
IGCAR along with the students during the valedictory function

The STIPAC programme for the year 2015 (being
conducted for the 17th time) coincided with the
International year of Light. The theme chosen
was “Lasers in Physics & Chemistry”. Forty
students, twenty each from 157 applicants for
Physics and 130 applicants for Chemistry were
selected for the STIPAC-2015 based on their
academic credentials, their write up and the
LQWHUHVW HYLQFHG WR SXUVXH VFLHQWL¿F UHVHDUFK
Theoretical courses were held in forenoons. The
students were given hands-on experience by either
doing project work or carrying out experimental work
on various topics. Towards the end of the course, the
students gave a presentation on the work done and
answered questions from the audience.
Apart from this, quiz programs and lectures
on special research topics were also held.
Problem solving sessions were conducted by
Dr. S. V. M. Satyanarayana, a former scientist
of IGCAR and currently an Assistant Professor

in Central University, Puducherry. In addition,
the students were also taken on a site visit to
MAPS, BHAVINI and DAE-UGC node. The
STIPAC-2015 was inaugurated by Dr. C. S. Sundar,
J C Bose Fellow & former Director, MSG. He gave a
historical perspective of evolution of Light as a tool in
the research on Condensed Matter. This was followed
by a keynote address on Photonic Crystals & Band
Gap Materials by Dr. B. V. R. Tata, Head, CMPD, MSG.
Prof. S. Anantha Ramakrishna, IIT Kanpur, gave a
talk on the need for and the research potential in
Optical Meta Materials.
Dr. Anil Kakodkar, INAE Satish Dhawan Chair of
Engineering Eminence, Former Chairman, Atomic
Energy Commission & Secretary, Department of
Atomic Energy and Dr. P. R. Vasudeva Rao, the then
Director, IGCAR & GSO addressed the students
during the valedictory function on 03 July, 2015.
'U $QLO .DNRGNDU GLVWULEXWHG WKH FHUWL¿FDWHV WR WKH
students of STIPAC 2015.

Dr. Anil Kakodkar, INAE Satish Dhawan Chair of Engineering Eminence, Former Chairman, Atomic Energy Commission
 6HFUHWDU\ 'HSDUWPHQW RI $WRPLF (QHUJ\ GHOLYHULQJ WKH YDOHGLFWRU\ DGGUHVV DQG GLVWULEXWLQJ WKH FHUWL¿FDWHV WR WKH
students.
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Graduation Function of the 9th Batch of Trainee Scientific Officers
of BARC Training School at IGCAR
July 29, 2015

Dr. Srikumar Banerjee, Shri M. K. Narayanan, Dr. P. R. Vasudeva Rao and Dr. M. Sai Baba during the release of
souvenir at the graduation function

The 9thEDWFKRIIRUW\VL[7UDLQHH6FLHQWL¿F2ႈFHUVIURP
the BARC Training School at IGCAR have successfully
completed their training and were graduated in a
special ceremony that took place on July 29, 2015.
Shri M. K. Narayanan, Former National Security Advisor
and Former Governor of West Bengal was the Chief Guest.
Dr. Srikumar Banerjee, Homi Bhabha Chair and Former
Chairman, Atomic Energy Commission presided
over the function. Dr. P. R. Vasudeva Rao, the then
Director, IGCAR and GSO, welcomed the gathering.
Dr. Vidya Sundararajan briefed the audience about
the Orientation Course in Engineering and Sciences
programme. Dr. Srikumar Banerjee delivered the
presidential address. Shri M. K. Narayanan released

the souvenir featuring the training school programme
in the previous academic year and Dr. Srikumar
%DQHUMHHUHFHLYHGWKH¿UVWFRS\6KUL0.1DUD\DQDQ
gave away the prestigious ‘Homi Bhabha Prizes'
comprising of a medallion and books worth Rs.5000
to the toppers from each discipline and addressed the
gathering. He also gave away the course completion
FHUWL¿FDWHV WR DOO WKH JUDGXDWHV SDVVLQJ RXW $ IHZ
RIWKH7UDLQHH6FLHQWL¿F2ႈFHUVSDVVLQJRXWVKDUHG
their experience, gave a feedback on the academic
programme and their stay at the hostel.
Dr. M. Sai Baba, Associate Director, Resources
Management Group, proposed the vote of thanks.

Graduates of BARC Training School at IGCAR with Shri M.K. Narayanan, Former National Security Advisor & Former
Governor of West Bengal, Dr. Srikumar Banerjee, Homi Bhabha Chair and Former Chairman, AEC , Dr. P. R. Vasudeva Rao,
the then Director, IGCAR & GSO, Dr. M. Sai Baba, AD, RMG and senior colleagues of the Centre and the Department
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Quality Circle Annual Meet (QCAM) - 2015
September 08, 2015

Dr.P.R.Vasudeva Rao, the then Director, IGCAR & GSO and G.Srinivasan, Director, ROMG & RDG along with the
participants during the valedictory function

Quality circle is a small group of employees doing
similar or related work who meet regularly to identify,

and neighborhood presented QC case studies

analyze, and solve work related problems usually
led by a senior team member. After completing their
analysis, they present their solutions to management
for implementation and to improve the performance
of the organization. Thus, implemented correctly,

Research & Development, Services and Education.

quality circles can help the organization to reduce
costs, increase productivity, and improve employee
morale.

Team

In IGCAR, every year Quality Circle Annual Meet
(QCAM) is conducted and the QC case studies

Operation and Services category. EINSTEIN QC form

in a wide spectrum of topics covering Technical,
Professional judges from Quality Circle Forum of
India, Chennai chapter, adjudged the QC case
study presentations. Under the ‘Mechanical and
Manufacturing’

stream,

the

PLUTONIUM

QC

bagged ‘Dr. Placid Rodriguez memorial

trophy’, while EXCEL QC team bagged

the

‘Shri M. K. Ramamurthy memorial trophy’ for Plant
AECS-2, SIGMA VIER MAGNA QC from KV-2 and

are presented by the QC teams. QCAM–2015 was
conducted on 08 September, 2015 at Convention
Centre and SRI Seminar Hall, Anupuram in parallel

KURUMBU QC, Government HSS,Vengampakkam

sessions. Welcome address was delivered by
Shri A. Jyothish Kumar, Director, ESG, the
Presidential address by Shri G. Srinivasan, Director
ROMG & RDG. Inaugural address was delivered by
Dr. T. Paul Robert, Professor, Department of
Industrial Engineering, Anna University, Chennai and
vote of thanks by Shri G. Kempulraj, Head, Central

During

Workshop Division.

&

Twenty Five Quality Circles and delegates (about 300
members) from IGCAR, schools from Kalpakkam

have won the "Dr. Sarvepalli Radhakrishnan memorial
trophies" in the School category.
valedictory

summed
Convenor,

up

by

function,
Shri.

QCAM-2015.

K.
The

the

events

were

G.

Subramanian,

programme

was

concluded with the valedictory address and the
prizes were distributed to the participants by
Dr. P. R. Vasudeva Rao, the then Director, IGCAR
& GSO and Shri G. Srinivasan, Director, ROMG
RDG.

Vote

of

thanks

was

proposed

by

Shri T. V. Maran, EIC, ZWS, Member Secretary,
Organising committee.
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Inauguration of 2MIGD Reverse Osmosis Desalination Plant
18 December, 2015

Dr. Sekhar Basu, Chairman, AEC, Secretary, DAE & Director BARC, along with Dr. S. A. V. Satya Murty, Director,
IGCAR and senior colleagues of the Centre during the inauguration of the 2 MIGD Reverse Osmosis Desalination Plant

A two-stage 2 MIGD Sea Water Reverse Osmosis

Dr. P. R. Vasudeva Rao, RRF and former Director, IGCAR

desalination plant has been commissioned recently

and senior colleagues from IGCAR and from other Units

ZLWKDÀH[LEOHFDSDFLW\LQRSHUDWLRQDQGPDLQWHQDQFHWR

of the Department.

VXLW WKH YDU\LQJ GHPDQG RI ZDWHU LQ GLႇHUHQW VHDVRQV

The inauguration function started with a welcome

This plant was inaugurated by

Dr. Sekhar Basu,

Chairman, Atomic Energy Commission, Secretary,

followed by

Shri A. Jyothish Kumar, Director, ESG,

Department of Atomic Energy, Government of India and

EULH¿QJ

Director, BARC on 18 December, 2015 in the presence of

commissioning of the 2 MIGD sea water reverse

Dr. S. A. V. Satya Murty, Director, IGCAR, CMD, BHAVINI,

osmosis desalination plant at IGCAR, Kalpakkam.

Shri T. J. Kotteeswaran, the then Station Director,

Shri G. Kempulraj, Head, CWD, ESG delivered the vote

MAPS, Shri Amitava Roy, Facility Director, BARC-F,

of thanks.

2 MIGD Reverse Osmosis Desalination Plant
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Diamond Jubilee Celebrations
Diamond Jubilee Celebrations
of the Department of Atomic Energy at Kalpakkam

Posters and Exhibits at Anu Vigyan 2015

Department of Atomic Energy established on
3rd August, 1954 has completed six decades
of remarkable performance. Presently, we are
commemorating the Diamond Jubilee of the
Department. A series of lectures, exhibitions and
visits to facilities at IGCAR for students from various
colleges and educational institutions were organized
as a part of these celebrations. Some of the initiatives
undertaken during this year until conclusion in August
are highlighted below:

Inauguration of DAE Diamond Jubilee Commemorative
Structure and Sand Sculpture:
DAE diamond jubilee commemorative structure was
designed, created and was remotely unveiled by the
then Chairman, Dr. R. K. Sinha during his visit to
IGCAR on May 19, 2015. Also on the same day, a
sand sculpture exhibition was organized at the DAE
Township, depicting the picture of Dr. Homi Bhabha
along with DAE logo. This sculpture was designed by
Shri Gajendran, a sand sculptor from Kelambakkam.

State-level Quiz and Painting Competitions
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Dr. R. K. Sinha, the then Chairman, Atomic Energy Commission & Secretary,
Department of Atomic Energy at the DAE Diamond Jubilee Commemorative Structure

Outreach & Awareness Programmes :
Participation in DAE Pavilion at the Science Congress
in Mumbai University:
Our Centre has taken an active part by putting up
posters and exhibits at the DAE Pavilion during the
Science Congress, Mumbai University premises in the
month of January 2015.
ANU VIGYAN-Exhibition at Kalpakkam
Anu Vigyan, a science exhibition at Kalpakkam
Township, targeting residents and neighborhood was
organized for two days during January 24-25, 2015.
All the units of DAE at Kalpakkam have participated
in the event by way of putting up stalls. The exhibition
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was aimed at popularizing various activities of the
Department, while highlighting the contribution of DAE
towards the well being of mankind, and also allayed
the fear of radiation in the perception of the public.
Impressive demonstrative models and illustrative
posters attracted more than two thousand visitors
including schools students and residents of the
townships.
Exhibits were displayed at Anu Vigyan Exhibition
conducted at Subbiah Vidyalayam Girls Higher
Secondary School, Tuticorin organised by HWB,
Tuticorin on July 05, 2015 and at nearby villages at
Kalpakkam by Sahodari Mayam, Tamil Nadu Science
Forum, Anupuram in coordination with IGCAR during
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July 10-11, 2015. Posters depicting various activities of
IGCAR were displayed at NESCO CARNIVAL during
July 31 to August 9, 2015.
IANCAS(SRC) Radiochemistry workshop
IANCAS(SRC) Radiochemistry workshop was
conducted at Meenakshi College, Chennai on
January 24, 2015 (Saturday). Shri K. A. Venkatesan,
Dr. T. G. Srinivasan, Dr. R. Kumar, Dr. N. Ramanathan
and Shri G. V. S Ashok Kumar of IGCAR attended
the workshop as resource persons. About hundred
students from B.Sc. Physics and Chemistry disciplines
participated in the workshop. The morning session
comprised of two lectures, one on Fundamentals
of Radiochemistry and the other on Applications of
Radioisotopes were delivered by Dr. N Ramanathan
and Dr. R Kumar. The afternoon session comprised
of practical demonstrations aimed at determination
of half-life of Barium-137 m isotope, and half-value
thickness of lead. The workshop was well received.
State-level Quiz and Painting Competitions:
We have organized a State level Inter-Collegiate Quiz
competition for the science students of undergraduate
(UG) and postgraduate (PG) level separately. For each
]RQH D FROOHJH ZDV LGHQWL¿HG WR VHUYH DV WKH ]RQDO
co-ordinator and the quiz competition was held in
this college. The topics covered in quiz are: History
of radiation and radioactivity, basic nuclear physics,
nuclear chemistry, nuclear reactors and locations
of nuclear installations in India and uses of ionizing
UDGLDWLRQ LQ WKH ¿HOGV RI PHGLFLQH LQGXVWULHV IRRG
irradiation etc.
Preliminary screening in each zone was done by a
written test and the top twelve teams were selected
at UG and PG level respectively from the list of teams
registered for the quiz event. There were three students
LQHDFKWHDP6HPL¿QDOTXL]ZDVFRQGXFWHGLQSDUDOOHO
session for the two groups and top three teams from
HDFKJURXSZHUHVHOHFWHGIRU¿QDOURXQGRITXL]7RS
WKUHHWHDPVZHUHVHOHFWHGLQ¿QDOURXQGRITXL]DQG
DZDUGHG ZLWK WURSK\ DQG FHUWL¿FDWHV 7KH ZLQQHUV
and runners of each zone a total of 18 UG teams and
3*WHDPVSDUWLFLSDWHGLQWKH*UDQG¿QDOHKHOGDW
&KHQQDL 7KH JUDQG ¿QDOH RI WKLV TXL] FRPSHWLWLRQ
for all the six zones was conducted at Stella Maris
College, Chennai on July 23, 2015. The zonal winners
were invited to Kalpakkam on July 24, 2015. Totally
36 teams participated in the event. Transportation was
arranged from Kalpakkam to Stella Maris College,
Chennai for the participants.

6LPLODUWRWKH]RQDO¿QDOV7ZHOYHWHDPVHDFKIURP8*
DQG3*OHYHOZHUHPDGHLQWRWZRJURXSVDQGVHPL¿QDO
ZDVFRQGXFWHGLQSDUDOOHOVHVVLRQV7KH¿UVWVHFRQG
and third places was bagged by Malankara Catholic
College, Kaliakkavilai from Zone 1,Ayya Nadar
Janaki Ammal College, Sivakasi from Zone 4 and
Loyola college, Chennai from Zone 2 respectively at
the PG level and Stella Maris College, Chennai from
Zone 2, Sri Vasavi College, Erode from zone 5 and
Kamban College for women, Tiruvannamalai at the
undergraduate level. Overall, a total of 1215 students
from more than 100 colleges participated in this event.
In conjunction with the quiz, an exhibition highlighting
WKH ,QGLDQ 1XFOHDU (QHUJ\ SURJUDP EHQH¿FLDO
applications of ionizing radiations and demonstration
of radiation detection and measurement equipments
was also organized. The exhibition with posters and
models was a grand attraction.
More than 1500 students from schools and colleges
DWWHQGHG DQG EHQH¿WHG IURP WKLV VFLHQFH H[KLELWLRQ
The major focus of the programme was to create a
general awareness on nuclear science and technology,
LWV EHQH¿WV YDULHG DSSOLFDWLRQV LQ VRFLHW\ DQG
research and career prospects. The Prize Distribution
ceremony was held on 24 July, 2015 at Homi Bhabha
Building, IGCAR, Kalpakkam. Dr. R. Chidambaran,
3ULQFLSDO 6FLHQWL¿F $GYLVRU 3ULPH 0LQLVWHU¶V 2ႈFH
1HZ'HOKLGLVWULEXWHGWKHPHPHQWRDQGFHUWL¿FDWHVWR
DOO WKH ZLQQHUV 7KH ¿QDOLVWV IURP DOO ]RQHV KDG WKH
opportunity to visit the Fast Breeder Test Reactor and
the various other laboratories at IGCAR. The program
organized under the guidance of Dr. P. R. Vasudeva
Rao, the then Director, IGCAR & GSO and coordinated
by Dr. M. Sai Baba, Associate Director, RMG,
Dr. B. Venkatraman, Associate Director, RSEG,
Shri S. Chandrasekaran, RSD, Ms. Jalaja Madan Mohan,
RMG and colleagues from EIRSG, RMG and other
groups was a grand success.
Indian Nuclear Society (Kalpakkam) had prepared a
PRQWKO\FDOHQGDUGHSLFWLQJWKHEHQH¿FLDODSSOLFDWLRQV
of ionizing radiations, pioneering role of BARC, the
activities of IGCAR and other major DAE units and the
career and research prospects in DAE. The calendars
were distributed to all colleges in each zone for the
EHQH¿W RI VWXGHQWV DQG FROOHJH WHDFKHUV WR SURYLGH
the glimpses of DAE activities in societal applications
of ionizing radiation in addition to nuclear energy
programme.
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Eminent Visitors to IGCAR

Dr. Jitendra Singh, Minister of State with Dr. R. K. Sinha Chairman, Atomic Energy Commision and Dr. P. R. Vasudeva Rao,
the then Director, IGCAR & GSO during his visit to the Centre

Honourable Dr. Jitendra Singh, Minister of State for
Development of North Eastern Region (Independent
charge) and Minister of State for Prime Minister
2ႈFH 3HUVRQQHO 3XEOLF *ULHYDQFHV  3HQVLRQV
Department of Atomic Energy and Department of
Space, Government of India visited various Units of
the Department at Kalpakkam on 21 August, 2015.
He was accompanied by Dr. R. K. Sinha, the then
Chairman, Atomic Energy Commission, Dr. Sekhar
Basu, Director, BARC and Shri K.C. Purohit, CMD,
NPCIL.
Honourable Minister visited the Madras Atomic Power

Station. Programme started with introductory remarks
by Dr. R. K. Sinha and Dr. P. R. Vasudeva Rao,
the then Director, IGCAR and GSO delivering a
presentation. He visited exhibits of Fuel bundle for
Thermal Reactors, Control Room and Fuel Handling
facility at the Madras Atomic Power Station.
During his visit to our Centre, he has seen the
Fast Breeder Test Reactor, exhibits of Fuel Subassemblies for Fast Breeder Test Reactor and
Prototype Fast Breeder Reactor, the Reactor
Containment Building and an exhibition of models
and charts covering all the important activities of the
Centre.
Honourable
Minister,
also
visited
Protoype
Fast Breeder Reactor
at
BHAVINI.
Before
concluding
the
visit,
addressed senior DAE
Scientists and Engineers
across all Units, wherein
Dr. P. Chellapandi, CMD,
BHAVINI, welcomed the
gathering, Dr. R. K. Sinha,
Chairman, Atomic Energy
Commission gave the
introductory
note
and
Dr. P. R. Vasudeva Rao
delivered the vote of
thanks.
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Dr. R. K. Sinha, the then Chairman, Atomic Energy Commission & Secretary, Department of Atomic Energy delivering
WKH¿UVW³16ULQLYDVDQ0HPRULDO/HFWXUH´

Dr. R. K. Sinha, the then Chairman, Atomic
Energy Commission & Secretary, Department
of Atomic Energy visited IGCAR on 19 May, 2015
WR SDUWLFLSDWH LQ D PXOWLWXGH RI LPSRUWDQW RႈFLDO
engagements. To mark our respect and tribute
to the eminent scientist and founder director of
IGCAR (then Research Reactor Centre), Late
Shri N. Srinivasan, a memorial lecture was organized
at IGCAR. Dr. Ratan Kumar Sinha, delivered the
¿UVW ³16ULQLYDVDQ 0HPRULDO /HFWXUH´ RQ WKH WRSLF
“Nuclear Power : Past, Present and Future”.

projects. A memorandum of understanding was
signed with ECIL on furthering the progress with
respect to Wireless Sensors Networks during the
visit of Chairman.

Technology Day is being organized every year at
IGCAR in order to encourage and motivate the
technical fraternity to come forward and present
WKHLU LGHDV 'U 6LQKD DOVR GLVWULEXWHG FHUWL¿FDWHV
to the recipients of Best Presentation Award of the
Technology Day Meet 2015 before his lecture.

Dr. R. K. Sinha also visited Fast Reactor Fuel Cycle
Facility and BHAVINI. He also visited the sand
sculpture erected at the beach sands of Kalpakkam
as part of Diamond Jubilee celebration. This sculpture
depicted Dr. Homi Jehangir Bhabha embedded on
DAE Logo was carved by Shri Gajendran, a sand
sculptor from Kelambakkam.

ECIL has been collaborating with IGCAR in many

During his visit to IGCAR, Dr. Sinha remotely
unveiled the DAE Diamond Jubilee structure located
at intersection point of major Units at Kalpakkam
(IGCAR, MAPS and BHAVINI) which was evolved
as a part of the commemoration of Diamond Jubilee
celebration depicting the concept of 60 years of
achievement of DAE.

Dr. R. K. Sinha, the then Chairman, Atomic Energy Commission and Secretary, Department of Atomic Energy,
Dr. P. R. Vasudeva Rao, the then Director, IGCAR and senior colleagues of the Centre at the sand sculpture
exhibition
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3URI02*DUJ'LUHFWRU*HQHUDO&RXQFLORI6FLHQWL¿F ,QGXVWULDO5HVHDUFKGHOLYHULQJ$FKDU\D3&5D\0HPRULDO
Lecture

3URI02*DUJ'LUHFWRU*HQHUDO&RXQFLORI6FLHQWL¿F ,QGXVWULDO5HVHDUFK &6,5 1HZ'HOKL
delivered Acharya P.C. Ray Memorial Lecture on "Nano Catalysis- Doing the Impossible" during
his visit to our Centre on August 26, 2015.

Dr. R. Muralidharan, Director, Solid State Physics Laboratory, DRDO, New Delhi, delivering the IGC Colloquium

Dr. R. Muralidharan, Director, Solid State Physics lab, DRDO, New Delhi, delivered the IGC Colloquium on
"Semiconductor Materials and Device Research and Development at Solid State Physics Laboratory an
Overview", during his visit to the Centre on January 06, 2015.

Dr. S. K. Malhotra, Head, Public Awareness Division, DAE, delivering the IGC Colloquium

Dr. S. K. Malhotra, Head, Public Awareness Division, DAE, delivered the IGC Colloquium on " Nuclear Power:
The Need, Perception, and the Realities ", during his visit to the Centre on January 23, 2015.
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Prof. Ashok Jhunjhunwala, Indian Institute of Technology, Madras, delivering the IGC Colloquium

Prof. Ashok Jhunjhunwala, Department of Electrical Engineering, Indian Institute of Technology, Madras,
delivered the IGC Colloquium on " Can India have Uninterrupted Power in all its Homes: Leveraging
Decentralised Solar-DC", during his visit to the Centre on February 19, 2015.

Prof. Ghanashyam Date, Professor, IMSc, Chennai, delivering the IGC Colloquium

Prof. Ghanashyam Date, Professor, IMSc, Chennai, delivered the IGC Colloquium on " General Relativity: A
Hundred Years Later”, during his visit to the Centre on May 12, 2015

Dr. Baldev Raj, Director, National Institute of Advanced Studies, Bengaluru and former Director, IGCAR delivering the
IGC colloquium

Dr. Baldev Raj, Director, National Institute of Advanced Studies, Bengaluru and former Director, IGCAR
delivered the IGC Colloquium on “Pathways to Energy Sustainability for India” on July 09, 2015
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Prof. Riccardo Fenici, MD, Director of Clinical Physiology, Centre for Biomagnetism Catholic University during the IGC
colloquium

Prof. Riccardo Fenici, MD, Director of Clinical Physiology, Centre for Biomagnetism Catholic University,
Rome, Italy and European Director, Society for Police and Criminal Psychology visited our Centre
during 20-24 July,2015. During his visit he delivered IGC Colloquium on “Cardiac Health: Probing by
Non-Invasive Methods” on July 23, 2015

Dr. C. Ganguly, INSA Senior Scientist & INAE Distinguished Visiting Professor, delivering the IGC colloquium

Dr. C. Ganguly, INSA Senior Scientist & INAE Distinguished Visiting Professor Hony. Adviser, Engineering
6WDႇ&ROOHJHRI,QGLD (6&, DQGIRUPHU&KLHI([HFXWLYH1)&YLVLWHGWKH&HQWUHRQ$XJXVWDQG
delivered IGC Colloquium on "Expanding Nuclear Power Programme in India, the Prospects & Challenges
and the Role of FBRs".

Diamond Jubilee Colloquium

Shri S.S.Bajaj, Chairman, AERB, delivering the Diamond Jubliee Colloquium

Shri S. S. Bajaj, Chairman, AERB, delivered the lecture on " Safety Regulation of Nuclear and Radiation
Facilities in India", on February 24, 2015, as a part of ”Colloquium" series organized to commemorate the
Diamond Jubilee Celebration.
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Dr. Baldev Raj, Director, National Institute for Advanced Studies, Bengaluru, delivering the Diamond Jubliee Colloquium

Dr. Baldev Raj, Director, National Institute for Advanced Studies, Bengaluru, delivered the lecture on "Energy
Security and Sustainability: Approaches and Priorities for Growing and Aspiring India" , on March 14, 2015, as
a part of "Colloquium" series organized to commemorate the Diamond Jubilee Celebration.

Dr. Anil Kakodkar, former Chairman, Atomic Energy Commission during the colloquium

Dr. Anil Kakodkar, INAE Satish Dhawan Chair of Engineering Eminence, and Former Chairman, Atomic Energy
Commission and Secretary, Department of Atomic Energy, delivered DAE Diamond Jubilee Colloquium on
“Harnessing Technology for Development: A Governance Challenge in Indian Context” on July 03, 2015. During
his visit, he visited Fast Reactor Fuel Cycle Facility

'U5&KLGDPEDUDP3ULQFLSDO6FLHQWL¿F$GYLVRU*RYHUQPHQWRI,QGLDGHOLYHULQJWKH'LDPRQG-XELOHHFROORTXLXP

'U5&KLGDPEDUDP3ULQFLSDO6FLHQWL¿F$GYLVRU*RYHUQPHQWRI,QGLDYLVLWHGRXU&HQWUHDQGGHOLYHUHGDWDON
RQ,QGLD¶V1XFOHDU3URJUDPPH7KH0DLQ7KUXVW WKH6SLQ2ႇVRQ-XO\DVSDUWRI'$('LDPRQG
Jubilee Colloquium. He visited Metal Fuel Development Laboratory at Chemistry Group and 100 Tonne Shake
Table Facility during his visit.
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IGC COUNCIL
Chairman
Dr. S. A. V. Satya Murty
Distinguished Scientist & Director, IGCAR

Dr. S.A.V.Satya Murty is a distinguished scientist, who has made pivotal contributions in establishing
HႈFLHQW FRPSXWHU QHWZRUN KLJK HQG FRPSXWLQJ  V\VWHPV HVWDEOLVKLQJ XQLTXH IDFLOLWLHV OLNH 3)%5
Operator Training Simulator and Advanced Visualization Centre at IGCAR. His work on Wireless Sensor
Networks has gained international recognition and he is coordinating one of the IAEA projects aiming
at enhancing the application of wireless sensor networks in the nuclear reactor domain. He is also
SLORWLQJ WKH GHYHORSPHQW RI 7LPH 'RPDLQ (OHFWUR 0DJQHWLF 6\VWHP ZKLFK HQDEOHV DQ HႈFLHQW PHWKRG
for identifying uranium mineral sources in the Country. He has several research publications to his credit
DQG LV RQ WKH HGLWRULDO ERDUG RI ¿YH MRXUQDOV +H LV D JROG PHGDOOLVW IURP -DZDKDUODO 1HKUX 7HFKQRORJLFDO
University and Doctorate from Homi Bhabha National Institute. He is from the 21st Batch of Training
School and received Homi Bhabha medal for topping the batch. He has several awards to his credit which
include Outstanding Service Award from Indian Nuclear Society and DAE Group Achievement awards.

Members
Dr. Sekhar Basu , a renowned nuclear scientist, is currently Chairman, AEC, Secretary,
DAE & Director, BARC. Earlier he worked as the Project Director of Nuclear Submarine
Programme and later as the Chief Executive of the Nuclear Recycle Board in the same
institute. Dr. Basu is an engineer of exceptional ability who has played a lead role in multiple
areas of nuclear science and engineering and is a major contributor in establishing India as
DOHDGHULQQXFOHDU¿HOG
Dr. Basu, born on 20th September 1952, did his schooling from Ballygunge Government
School, Kolkata and graduated in Mechanical Engineering from Veermata Jijabai
Technological Institute (VJTI), University of Mumbai in 1974. After completion of one year
of BARC Training School programme in nuclear science and engineering, he joined the Reactor Engineering
Division of BARC in 1975. He started his career by designing fuel for Boiling Water Reactor, which showed
excellent reactor performance. Later he took up the responsibility of the development of nuclear submarine
propulsion plant and built the land based prototype at Kalpakkam from scratch. He continues to guide the
Indian nuclear propulsion programme for the sea going versions. Since 2000, he was also responsible for the
design, development, construction and operation of nuclear recycle plants at Tarapur and Kalpakkam, involving
reprocessing and nuclear waste management. These plants are performing to international standards. He is
pursuing the design of the Integrated Nuclear Recycle Plant, which will take this programme to a higher
platform.
As the Chairman of Project Management Board he is responsible for the development of Indian Neutrino
Observatory at Tamil Nadu and as Apex Project Co-ordinator, he is pursuing the development of 1 GeV
Superconducting Accelerators for the Accelerator Driven System Programme. Dr. Basu is also guiding the
establishment of nuclear fuel cycle park involving research reactors, fuel fabrication and reprocessing facilities
at the Vizag campus of BARC. Work on the design of Indian Pressurised Water Reactor has also been initiated
by him.
As Director, BARC, Dr. Basu has taken special initiatives for major expansion of the societal programmes
RI'$(LQWKH¿HOGRIQXFOHDUDJULFXOWXUHIRRGSUHVHUYDWLRQDQGQXFOHDUPHGLFLQH:KLOHSXUVXLQJWKHEDVLF
UHVHDUFKLQWKH¿HOGRIQXFOHDUVFLHQFHDQGHQJLQHHULQJKHLVDOVRZRUNLQJWRZDUGVWKHH[SDQVLRQRIHQULFKPHQW
and strategic programmes. He represented India in concluding ‘Arrangements and Procedures’ with the US
Government for reprocessing of US hypothecated fuel and he has chaired the International Committee for the
design review of three modules of International Thermonuclear Experimental Reactor (ITER).
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He has several publications to his credit in national and international journals. Dr. Basu has been conferred
several awards and these include: Indian Nuclear Society Award 2002, DAE Awards in 2006 and 2007. He
is also a Fellow of the Indian National Academy of Engineers (INAE) and Indian Society for Non Destructive
Testing (ISNT). Jadavpur University awarded him with DLit (Honoris Causa) degree in 2013. He was awarded
Padma Shri by the Government of India in 2014.

Dr. G. Amarendra obtained his M.Sc (Physics) from Sardar Patel University, Gujarat
in 1980, passed out from 24th batch of BARC Training School and joined MSG, IGCAR
in 1981. He had obtained his Ph.D degree from University of Madras in 1991 and
carried out post-doctoral work at Brandeis University, Boston during 1993-94. Currently
Dr. Amarendra is the Director, Materials Science Group. He was instrumental in indigenous
design and development of an unique variable low energy positron beam in 1995, which
HQDEOHGQRQGHVWUXFWLYHGHSWKSUR¿OLQJRIGHIHFWVDWVXUIDFHVDQGLQWHUIDFHVRIPDWHULDOV
His broad areas of research include defect studies in materials, nuclear spectroscopy,
UDGLDWLRQ GDPDJH VWXGLHV RI VWUXFWXUH PDWHULDOV WKLQ ¿OPV DQG QDQRPDWHULDOV  'U$PDUHQGUD LV  D VHQLRU
SURIHVVRURI+RPL%KDEKD1DWLRQDO,QVWLWXWH0XPEDL+HKDGJXLGHG¿YH3K'VWXGHQWVDQGKDVRYHU
Journal and conference publications and two edited books. He is a recipient of INSA Young Scientist Award
(1991), IPA S.N.Seshadri Memorial Award (1996), Kalpakkam Science & Technology Award (1996), DAE Homi
Bhabha Science & Technology Award (2006) and MRSI Medal Award (2013).

Dr. Arun Kumar Bhaduri, obtained his Ph.D. in Metallurgical Engineering from Indian
Institute of Technology, Kharagpur, joined Department of Atomic Energy in 1983. He is with
Metallurgy and Materials Group at Indira Gandhi Centre for Atomic Research, Kalpakkam
since 1984, where he is presently Distinguished Scientist and Director, Metallurgy and
Materials Group, and also a Senior Professor, Homi Bhabha National Institute. He
received Research Fellowship from Alexander von Humboldt Foundation, Germany in
1994 for a 2-year post-doctoral research at University of Stuttgart, Germany. He anchors
the development of materials and their fabrication technologies for Indian programmes on
sodium-cooled fast reactors, fusion reactors and advanced ultra supercritical thermal power. He specialises
LQ WKH ¿HOG RI PDWHULDOV MRLQLQJ DQG KDV WR KLV FUHGLW PRUH WKDQ  MRXUQDO SXEOLFDWLRQV  FRQIHUHQFH
presentations and 2 international patents. He is a fellow of Indian National Academy of Engineering, Indian
Institute of Metals and Fellow, Indian Institute of Welding. He is a recipient of the Metallurgist of the Year Award
during National Metallurgists’ Day (2003), Homi Bhabha Science & Technology Award (2002), Indian Nuclear
Society Medal Award (2002), VASVIK Award (2005), eight DAE Group Achievement Awards (2006-2014, three
as Group Leader), and Sir L.P. Misra Memorial Lecture Award (2010).

Shri M. Bhaskaran,'LVWLQJXLVKHG6FLHQWLVWKDVDVVXPHGWKHRႈFHRI&KDLUPDQ &KLHI
Executive Heavy Water Board, Department of Atomic Energy on August 1, 2015, by taking
over the charge from Shri Rajnish Prakash on July 31, 2015. Shri Bhaskaran has joined
Heavy Water Board on August 1,1980 after graduating from 23rd Batch (1980) of BARC
Training School, subsequent to acquiring engineering degree (Chemical) from University
of Calicut in 1979. During his 35 years association with HWB, Shri Bhaskaran has made
VLJQL¿FDQWFRQWULEXWLRQWRWKHSURJUDPVRI'HSDUWPHQWRI$WRPLF(QHUJ\WKURXJKSURGXFWLRQ
and sustained supply of vital input materials for Indian Nuclear Power Programme (like heavy water, nuclear
VROYHQWV ERURQ LVRWRSHVHWF  +H SOD\HG YLWDO UROH LQ VHWWLQJ XS FRPPLVVLRQLQJ RSHUDWLRQ RI ,QGLD¶V ¿UVW
ammonia based indigenous Heavy Water Plant at Thal with the innovative project management concept of
collaborating with a government undertaking, Rashtriya Chemicals & Fertilizers Ltd. He was instrumental
in process debugging, performance improvement and energy conservation initiatives for HWP, Thal.
6KUL %KDVNDUDQ KDV FRQWULEXWHG VLJQL¿FDQWO\ IRU LQGLJHQRXV GHYHORSPHQW RI $PPRQLD:DWHU ([FKDQJH
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Process of Heavy Water production to make the operation of Ammonia based Heavy Water Plant independent
of fertilizer plant, for feed supply. He played key role in setting up Technology Demonstration Plant including
detailed engineering and technology support to consultants. Shri Bhaskaran has played a prominent role in
GLYHUVL¿HGDFWLYLWLHVRI+:%LQFOXGLQJGHYHORSPHQWRIDGYDQFHGWHFKQRORJ\DQGPDWHULDOV+HKDVSURYLGHG
engineering input and technology support for in-house production of nuclear solvents and development of
VROYHQWH[WUDFWLRQWHFKQRORJ\ HႈFLHQWFRQWDFWLQJGHYLFHVIRUQXFOHDUIXHOF\FOHDSSOLFDWLRQV+HZDVLQYROYHG
in debugging and up-gradation of solvent extraction process for Technology Demonstration Plant, operating at
RCF, Mumbai. This technology is now available for industrial deployment. He has also provided engineering
DQGWHFKQRORJ\LQSXWIRULQKRXVHSURGXFWLRQRIERURQLVRWRSHV %RURQ  XVLQJWZRGLႇHUHQWSURFHVVHV
ShriBhaskaran has steered the entire spectrum of activities for development of cryo- technology for reducing the
radiation burden in heavy water from PHWRs. ShriBhaskaran was instrumental in promoting and patronizing
QRQQXFOHDUDSSOLFDWLRQVRI'HXWHULXPDQG+HDY\ZDWHU+LVFRQFHUWHGHႇRUWVOHGWRQHWZRUNLQJZLWKVHYHUDO
LQGXVWULHVDFDGHPLFLQVWLWXWLRQVDQG5 'RUJDQL]DWLRQWRWDNHXSGHYHORSPHQWZRUNLQWKLVDUHD+LVHႇRUWVDOVR
led to indigenous production of Deuterium labeled compounds, particularly Deuterated NMR Solvents at HWP,
Baroda. He played pivotal role in demonstrating thermo-stabilization of Oral Polio Vaccine using Heavy Water.
He has pioneered R&D for exploring anti-cancer potential of Deuterium Depleted Water (a spin-of product in
Heavy Water Plants) in collaboration with Tata Memorial Centre, Mumbai. Shri Bhaskaran is a recipient of DAE
group achievement award three times for the years 2010, 2012 and 2013 for development work for indigenous
production of D-labeled compounds, Boron Enrichment and Solvent Extraction technologies, respectively.

Dr.P.Chellapandi is a Distinguished Scientist and Chairman & Managing Director of
BHAVINI. He was the Director, Reactor Design Group, IGCAR before taking up the
Chairmanship of BHAVINI. He is one of the key persons involved in the design and
development of 500 MWe PFBR since its inception which will be commissioned by this
\HDUHQG+HKDVFRQWULEXWHGVLJQL¿FDQWO\IRUWKH3)%5RYHUDZLGHVSHFWUXPRIGHVLJQ
analysis and research activities involving academic and R&D institutions in the country. He
is the convener of the Standing Task Force responsible for the manufacture and erection of
reactor components and also member of the Project Design Safety Committee. His current
responsibilities focus on the design and construction of FBR 1&2 beyond PFBR with innovative concepts for
the commercial exploitation. Dr. Chellapandi is a Senior Professor of Homi Bhabha National Institute and
Fellow of Indian National Academy of Engineering. He has so far guided ~80 postgraduate and ~18 doctorate
students and published ~158 journal papers. He has received many awards and honors. To name a few
: Homi Bhabha Science and Technology Award, VASVIK award, Indian Nuclear Society Award, National
Design Award from Indian Institute of Engineers, Agni Award for Excellence in Self-reliance from DRDO and
DAE Group Achievement Awards for four constitutive years. Dr.P.Chellapandi has received the Distinguished
Alumnus Award of IIT Madras in the year 2010.

Ms. Chitra Ramchandran is from the Indian Administrative Services of the 1985 Batch,
Andhra Pradesh Cadre. She is a Post-Graduate in Political Science. Major postings
held by her so far include Municipal Commissioner of Hyderabad and Telangana;
District Collector, Krishna, Ranga Reddy. She has held the portfolios of Industries, Rural
Development, Infrastructure, etc. as Principal Secretary. In August, 2013, she joined the
Department of Atomic Energy as Joint Secretary in charge of I&M wing which deals with
units like AMD, BRIT, NFC and HWB. Currently holding charge of R&D wing which deals
with units like BARC, IGCAR, RRCAT, VECC and all aided Institutions under DAE and
Additional Secretary (in-charge)
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Shri S. G. Ghadge is a Mechanical Engineering Graduate from Visvesvaraya National
Institute of Technology, Nagpur, and Post Graduate in Nuclear Technology in BARC
now known as Homi Bhabha National Institute.

He has a distinguished career in the

Department of Atomic Energy, Nuclear Power Corporation of India spanning 36 years, which
FRYHUHG PXOWLSOH ¿HOGV RI 1XFOHDU 5HDFWRU 3URFHVV 'HVLJQ &RPPLVVLRQLQJ 2SHUDWLRQDO
Improvements, Safety, Thermo Hydraulic Analysis with complex code development.
He spearheaded the internal reviews for post Fukushima safety assessment taking into
account international thinking and worked out safety enhancement measures arising out of these reviews apart
from reviews by AERB. He was member of the Indian delegation to IAEA in the Convention of Nuclear Safety and
contributed in generation of design and safety codes and guides for IAEA and AERB. He has several international
and national publications to his credit. He is a Distinguished Scientist of the Department of Atomic Energy. Presently
his responsibilities encompass design, health & safety, safety and licensing analysis, procurement for 700 MWe
PHWR and building up of R&D facility at Tarapur. He is a full time Director on the Board of NPCIL from 1st July 2013.

Dr. P.D. Gupta, Distinguished Scientist is the Director, Raja Ramanna Centre for Advanced
Technology, Indore. Dr. Gupta is an internationally known laser-plasma physicist who has
made pioneering research contributions in this area. He passed M.Sc. Hons (Physics)
from Punjab University in 1972 and joined Bhabha Atomic Research Centre. He is a
UHFLSLHQW RI IRXU JROG PHGDOV IRU VHFXULQJ ¿UVW UDQN LQ YDULRXV XQLYHUVLW\ H[DPLQDWLRQV +H
joined BARC in August 1973 after passing out from 16th batch (1972-73) of Training School
and was awarded Homi Bhabha Medal and Prize. He received his Ph.D. from Bombay
University in 1984 and did his Post-doctoral work at the Department of Electrical Engineering, University of
Alberta, Canada during 1984-86. He is recipient of Young Scientist Award of Indian National Science Academy
(1984) and Young Associateship of Indian Academy of Sciences (1986-91) and became Fellow of the National
Academy of Sciences, India, in 2004. As Director, Dr. Gupta is steering many R&D programmes in frontline
areas of accelerators and lasers at RRCAT. These include synchrotron radiation sources and their utilization,
development of superconducting radio-frequency cavities for high energy accelerators, proton linac spallation
neutron source, cryogenics, magnet technology, ultra-intense laser-plasma interaction, and lasers in research
and industry. Dr. Gupta is a Senior Professor of Homi Bhabha National Institute (HBNI), Mumbai, and a
member of the Academic Council. He has guided many young researchers for the award of Ph.D. / M.Tech /
M.Sc. degrees. He has made ~500 research contributions of which ~200 are published in international journals.

Shri A. Jyothish Kumar, is an Outstanding Scientist & Director of Engineering Services
Group. He is from the 29th Batch of Training School and joined IGCAR in 1986. He graduated
in Electrical engineering from Kerala University. He was working in FBTR during the initial 18
\HDUVDQGFRQWULEXWHGVLJQL¿FDQWO\WRZDUGVWKHFRPPLVVLRQLQJDQGRSHUDWLRQRI)DVW%UHHGHU
Test Reactor. He was actively involved in the commissioning of Turbine Generator set and
VROYHGPDQ\RIWKHWHFKQLFDOLVVXHV+HFRQWULEXWHGVLJQL¿FDQWO\LQWKHDUHDRIHQHUJ\DXGLW
and implemented various measures in the area of energy conservation. He had planned and
implemented the augmentation of electrical infrastructure considering the load growth for the next 10 years. He
took active role in the implementation of safety improvement in the electrical system. State of art technologies were
implemented by the introduction of numerical relays. He was instrumental in the introduction of grid connected
solar system and focus is for the utilization of alternate energy sources & DC power supply. He took a lead role in
the construction, installation & Commissioning of 2 MIGD desalination plant.
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Shri Y.S. Mayya obtained his B.Tech. in Electronics & Communication Engineering in 1979.
+HLVDSURGXFWRIEDWFKRIWKH%$5&7UDLQLQJ6FKRRO$VD6FLHQWL¿F2ႈFHULQ%$5&
he has been engaged in design and development of Automation and Control systems
for Nuclear facilities, accelerators, telescopes and strategic systems of DAE, DRDO &
ISRO for more than three decades. He pioneered the development and deployment of
the real-time networks and distributed systems in nuclear facilities. Some of his important
contributions in the area of computer controlled servo systems include Giant Metre-wave
Radio telescope (GMRT) in India, Stabilized Antenna platform for the TEJAS Light Combat
Aircraft’s Multi-Mode Radar, Stabilization & tracking system for airborne Radars, Antenna Control Servo
System for the 32-metre Deep Space Network antenna for the Chandrayaan-1 mission and Telescope Control
Servo System for the 21 meter MACE telescope being erected in Ladakh India. He led the Indian team in
the development of software systems for the magnet test facilities of Large Hadron Collider (LHC) project at
CERN, Geneva. Shri. Mayya was the Chairman & Managing Directorof Electronics Corporation Of India Ltd,
Hyderabad during 2009- 2012. While at ECIL, he was responsible for directing the operations of company in
the area of strategic electronics for nuclear, defence, aerospace and security sectors and steered its steady
growth. He piloted many projects of national importance such as Integrated Security Systems of CWG-2010
Delhi, COMINT and Electronic Warfare systems, C4I systems, Antenna for Chandrayaan-I and C&I systems
for Nuclear facilities. Currently in BARC Mumbai, he is the Project Director of Global Centre for Nuclear Energy
Partnership (GCNEP) project of DAE and Director of Electronics & Instrumentation Group of BARC. He has
published around 30 papers in national and international conferences. He is the recipient of DAE Technical
Excellence award.
Shri S. Paramasivam graduated as a Mechanical Engineer from Madras Institute of
Technology in the year 1981 and joined BARC in the 25th batch of Training School. After
VXFFHVVIXOFRPSOHWLRQRIWUDLQLQJKHZDVSRVWHGDW+HDY\:DWHU%RDUG+HDG2ႈFH0XPEDL
and was associated in mechanical project activities for Heavy Water Plant (Manuguru). In
the year 1986, he was transferred to HWP (Manuguru), where he was involved in erection
and commissioning activities pertaining to exchange units. He was promoted as Deputy
Maintenance Manager (Mechanical) in the year 1998 and as head of Mechanical Maintenance
Section in the year 2003. He was posted to HWP (Tuticorin) as Maintenance Manager in the
\HDUDQGSURPRWHGDV2ႈFHU2Q6SHFLDO'XW\LQWKH\HDUVXEVHTXHQWO\DV*HQHUDO0DQDJHURI+HDY\
Water Plant, Tuticorin. In July, 2013, he was appointed as Regional Director, MRPU, DPS, Chennai.

Dr. K. K. Rajan is currently a Distinguished Scientist and Director of Fast Reactor
Technology Group. He is from 24th batch of BARC Training School and joined IGCAR in
1981. He graduated in Electrical Engineering from NIT, Calicut. His initial contributions
LQFOXGHSXUL¿FDWLRQWUDQVSRUWDWLRQDQGFKDUJLQJRIVRGLXPUHTXLUHGIRU)%75FDOLEUDWLRQ
RI )%75 VRGLXP ÀRZ PHWHUV DQG RWKHU VRGLXP H[SHULPHQWV LQ VXSSRUW RI )%75 2YHU
the years he has been steering a multidisciplinary programme in the area of Sodium
Technology. He is primarily responsible for design, construction, commissioning, safe
operation and maintenance of high temperature experimental sodium facilities and
conducting sodium experiments in support of FBR. He has made substantial contributions towards testing
of PFBR model steam generator in SGTF, PFBR fuel handling machines, shutdown mechanisms and Under
Sodium Ultrasonic Scanner at reactor operating conditions in LCTR, experiments to study the adjascent tube
wastage phenomenon in SG tube, demonstration of in-situ regeneration of secondary cold trap etc. He was
DOVRLQYROYHGLQWKHGHYHORSPHQWRISHUPDQHQWPDJQHWÀRZPHWHUVDQGVSHFLDOW\SHRIKHDWHUVUHTXLUHGIRU
FBR sodium systems. He has played a key role in the receipt and safe transfer of 1750 tonnes of nuclear grade
liquid sodium to PFBR storage tanks. In the last few years, he was actively involved in guiding the group for the
construction of sodium technology complex and pyro-processing R&D facility. He has published more than 150
papers in reputed national and international journals. He is a member of Indian Nuclear Society, Instrument
Society of India and a fellow of Institution of Engineers (India).
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Shri M. Raju is from Indian Administrative Service of the 2005 Batch, Jammu & Kashmir
Cadre. He has done M.Sc. (Microbiology) and M.A. (History). Major postings held by him
so far include District Magistrate and Collector, Kargil District (2010-2012), Vice-Chairman,
Kargil Renewable Energy Development Agency, Chairman, DSSRB, Additional Secretary,
Department of Rural Development, Government of Jammu & Kashmir. In October 2013,
he joined Department of Atomic Energy as Internal Financial Adviser, Indira Gandhi Centre
for Atomic Research.

Dr. A. Ravishankar, Mechanical Engineer from 25th batch of BARC training school, joined
the Department of Atomic energy in 1981. He is presently Project Director, Fast Reactor
Fuel Cycle Facility (FRFCF) and Hot Cell Systems and Projects Group (HCSPG). Under his
leadership, many Hot cell systems, Head end equipments and Remote handling systems
required for COmpact facility for Reprocessing of Advanced fuels in Lead shielded cells
(CORAL) and Demonstration Fast Reactor fuel Reprocessing Plant (DFRP), has been
successfully developed. Some of his important achievements include development of special purpose
machines like multi fuel pin chopper, electrolytic dissolver, centrifugal extractor, high speed centrifuge, Laser
based fuel sub-assembly dismantling system, various versions of Master slave manipulators, robotic sampling
system etc. Some of these developments are import substitutes. He has made outstanding contribution to the
design, construction and commissioning of CORAL for reprocessing of irradiated FBTR fuel. He played a vital
role in the operation of CORAL and successfully processed many campaigns including fuel irradiated up to
 *:'7H EXUQXS ZKLFK LV D ¿UVW RI LWV NLQG LQ WKH ZRUOG +H KDV LQFRUSRUDWHG PDQ\ QRYHO IHDWXUHV
in the design of CORAL facility so that development of new process and R&D related activities can also
be taken up in the future. He was involved in the design and development of equipment for Thorium fuel
reprocessing participating in the Thorium fuel reprocessing campaigns and successfully recovered 233U.
Currently he is responsible for construction and commissioning of FRFCF and also DFRP. He has established
a sound infrastructure for the successful closing of the fast reactor fuel cycle with his outstanding capability
DQGVNLOOV+HKDVRYHUFODVVL¿HGUHSRUWVWHFKQLFDOSUHVHQWDWLRQVDQGSXEOLFDWLRQVWRKLVFUHGLW+H
has been conferred INS – Gold medal by Indian Nuclear Society in 2001, NOCIL award for Excellence in
Design/Development of process Plant and Equipment for the year 2005, DAE group award in the year 2006,
2011 & 2012 and DAE-Homi Bhabha Science and Technology award in 2010 and INS Outstanding Service
Award in 2014. He is a Fellow of the Indian National Academy of Engineering.

Dr. N. Saibaba is a Gold medalist from Andhra University. He joined the 19th batch of
Training School, Mumbai and is the recipient of Bhabha Award for topping the batch.
He developed expertise in the manufacture of seamless tubes in a variety of strategic
and exotic materials employing hot and cold deformation processes for meeting critical
requirements of Atomic Energy, Space and Defence. He has made several pioneering
contributions in the manufacture of critical core components of Power Reactors,
for

VRPH RI ZKLFK ZHUH GHYHORSHG IRU WKH ¿UVW WLPH LQ WKH FRXQWU\ +H ZDV UHVSRQVLEOH
developing a new manufacturing route for extremely thin walled “Seamless Calandria Tubes” for

WKH ¿UVW WLPH LQ WKH ZRUOG. These tubes have been in use in the Nuclear Power Reactors for the past
 \HDUV RႇHULQJ H[FHOOHQW SURPLVH  DQG VSHFLDOO\ VKDSHG SUHVVXUH WXEHV IRU $GYDQFHG +HDY\ :DWHU
Reactors, development of hexagonal channels for Prototype Fast Breeder Reactors and square channels for
Boiling Water Reactors through pilger route, development of pressure tubes by heat treated and strengthened
route and establishment of process technology for manufacture of double clad tubes with zirconium lining.
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Shri Saibaba, as a team leader, developed a test loop with components made of high temperature alloy
Nb-1Zr-0.1C. It is to his credit that the seamless tubes in 304H (Cu) and Inconel-617 for use in the Advanced
8OWUD 6XSHUFULWLFDO %RLOHUV ZHUH GHYHORSHG WR HQKDQFH WKH WKHUPDO HႈFLHQF\ RI WKH 7KHUPDO 3RZHU 3ODQWV
from 28 to 47%. He is presently engaged as Director on the Boards of UCIL & IREL and IGCAR Council.
Presently, he is the Chairman of Indian Institute of Metals (IIM), Hyderabad Chapter and Chairman for Indian
Society for Non-Destructive Testing (ISNT), Hyderabad Chapter. He is appointed as Chairman for Center
of Plant Engineering Services (CoPES). He received Bharat Ratna Sir M. Visvesvaraya Award from the
Institution of Engineers (India), DAE Award for Group contribution as Group Leader - 2006, 2009, 2010, 2011
 ,16 $ZDUG IRU FRQWULEXWLRQV LQ WKH ¿HOG RI 1XFOHDU )XHO &\FOH 7HFKQRORJLHV ±  $QQXDO 1)&
Award for Meritorious contribution – 2005, 2006 & 2007, Outstanding contribution from NFC Management –
1993 & 1998 and Gold Medal from Andhra University for securing First Rank – 1975. He is a Fellow of Andhra
Pradesh Academy of Sciences, Life Member of IIM, ISNT and INS.

Shri G. Srinivasan is a mechanical engineer from the 18th batch of BARC Training School.
He joined FBTR project as a designer in 1975, and participated in the design, fabrication and
installation of Reactor Assembly Components. He moved over to O&M in 1983. After holding
the positions of Senior Engineer (Planning) and Senior Engineer (Technical), he took over
as Technical Services Superintendent and later as AD (O&M). He is Director, ROMG since
September 2008. In February 2015, he took additional charge as Director, Reactor Design Group.

Dr. P. K. Vijayan is a chemical engineer from the 1975 batch of the University of Calicut
and obtained his PhD from the Department of Energy Systems Engineering, IIT Bombay
in 1989. A Distinguished Scientist, Dr Vijayan is currently working as Director, Reactor
Design and Development Group at the Bhabha Atomic Research Centre (BARC). His
¿HOG RI H[SHUWLVH LV H[SHULPHQWDO DQG WKHRUHWLFDO WKHUPDO K\GUDXOLFV RI QXFOHDU UHDFWRUV
DQG KDV PRUH WKDQ WKUHH DQG D KDOI GHFDGHV RI H[SHULHQFH LQ WKLV ¿HOG +H SOD\HG D
key role in the thermal hydraulic design of Advanced Heavy Water Reactor (AHWR).
Dr. Vijayan is presently involved in the thermal hydraulic design validation for AHWR and
Pressurised Heavy Water Reactor (PHWR-700). He is also leading the Indian High Temperature Reactor and
molten salt reactor program. Dr. Vijayan and his group established several major research facilities for the
Indian PHWR and the AHWR. Besides he is leading the group developing the solar thermal power plant based
on the beam down concept. He participated in several International Atomic Energy Agency (IAEA) coordinated
research projects and bilateral research projects like Indo-Italian, Indo-German, Indo-UK, Indo-Korea and
AERB-US NRC. He also worked as a guest scientist at Gesselschaft for Reaktor Sicherheit (GRS), Garching,
Munich, Germany and IAEA, Vienna, Austria. He was invited by IAEA to formulate a training course on ‘Natural
circulation phenomena and passive safety systems for advanced water cooled reactors and is a lecturer for
this IAEA training course since 2004. He has delivered invited talks at several international conferences and
served as an examiner for PhD thesis of several reputed national and foreign universities. He is professor
and convener, Board of Studies, Homi Bhabha National Institute. He has guided six doctoral students of HBNI
and Indian Institute of Technology, Bombay. He has more than two hundred publications to his credit. He is
a recipient of the DAE Technical Excellence and Homi Bhabha Science and Technology awards. He is a life
member of several professional bodies like the Indian Nuclear Society, Indian Institute of Chemical Engineers
and Indian Society for Heat and Mass Transfer. He was also the vice president of the Indian Society for Heat
and Mass Transfer during the period 2009-13.
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Organisation and Activities of Various Groups

Dr. S.A.V. Satya Murty
Director, IGCAR

Chemistry Group

Dr. S.A.V. Satya Murty
Director, CG

Dr. M. Joseph,
AD, FChG & Head, FChD

Dr. R. Sridharan,
AD, MCG &Head, MCD

Shri R.R. Ramanarayanan
Head, CFD

The Chemistry Group is responsible for carrying out R&D to provide inputs with respect to all the chemistry
aspects of the fast reactor and its fuel cycle. Besides the R&D activities, the Chemistry Group also provides
extensive analytical support using a wide range of analytical techniques to all the programmes at Kalpakkam.
The areas of R&D in Chemistry Group include sodium chemistry, chemistry of un-irradiated as well as irradiated
fuel materials, development of fuel cycle, high temperature chemistry, analytical chemistry and spectroscopy.
Chemistry Group also has been developing instrumentation and facilities in support of the R&D programme.
Development of sensors for PFBR and sensors for environmental applications, development of radionuclide
traps for PFBR, development of cleaning and decontamination techniques for fast reactor components,
development of wasteform matrices for immobilisation of high level radioactive waste and pyroprocessing are
some of the R&D programmes on the anvil. Recent achievements include development of new method for
direct reduction UO2 to U metal, establishing a new facility for measuring the viscosity of Pu containing broths
WREHXVHGIRUWKHSUHSDUDWLRQRI02;PLFURVSKHUHVGHPRQVWUDWLRQRIHOHFWURUH¿QLQJRI83X=ULQJVFDOH
DQGHOHFWURUH¿QLQJRIXUDQLXPXVLQJOLTXLGFDGPLXPDVDQRGH
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Electronics, Instrumentation and Radiological Safety Group

Dr. S.A.V. Satya Murty
Director, EIRSG

Shri B. Anandapadmanaban
Head, QAD

Shri K. Madhusoodanan
Dr. B. Venkatraman
AD, ICG & Head, RTSD AD, RSEG & Head, RSD

Shri G. Prabhakara Rao
Head, SISD

Dr. K.K. Satpathy
Head, EnSD

Dr. D. Thirugnanamurthy
Head, EID

The Electronics, Instrumentation and Radiological Safety Group is actively involved in the development of
Instrumentation, Control, Health Physics, Radiation safety services, Radiological and Environmental Impact
DVVHVVPHQWVWXGLHV4XDOLW\$VVXUDQFHVHUYLFHVDQGLQGXVWULDODQG¿UHVDIHW\UHODWHGVHUYLFHVIRUIDVWUHDFWRU
and fuel cycle technologies and related projects of DAE. Towards this the I&C systems are designed with
safety and availability of the reactor as the guiding requirements through redundant systems and also keeping
in mind the simplicity of design and maintainability. A judicious combination of hardwired and computer based
I&C systems, state-of-the-art design, manufacturing processes and testing were employed in the design of
I&C systems. The systems developed include safety critical, safety related and non safety I&C systems.
7KH SURWRW\SH V\VWHPV ZHUH TXDOL¿HG DIWHU ULJRURXV HQYLURQPHQWDO (0,(0& DQG VHLVPLF WHVWLQJ 7KH
DSSOLFDWLRQ VRIWZDUH GHYHORSHG ZDV VXEMHFWHG WR WKRURXJK 9HUL¿FDWLRQ  9DOLGDWLRQ SURFHGXUHV 7KH JURXS
is also developing a full scope replica type Operator Training Simulator for PFBR. An advanced visualization
centre was established and various PFBR systems are modeled for visualization in 3D and walkthrough. R&D
activities in the areas of innovative instrumentation using pulsating sensors, Wireless Sensor Networks for
use in future reactors, computational intelligence, knowledge management etc. are in progress. State-of-theart computational facilities with a total processing power of about 30 tera FLOPS and data communication
facilities are being provided. To take care of the security challenges the security electronics systems are
constantly deployed and upgraded. Currently indigenous I & C components are being developed for import
substitution to minimize the cost of the future FBRs with improved safety. The group is also responsible for
providing quality assurance/quality control services for all the major projects being undertaken by IGCAR
WKURXJKWKH,62FHUWL¿HG4XDOLW\$VVXUDQFH'LYLVLRQ7KH5DGLRORJLFDO6DIHW\'LYLVLRQRIWKH*URXS
is responsible for R&D activities in the areas of radioactivity transport and improving the radiation detection
and measurements through advanced techniques. This Division provides health physics and radiation safety
services for the radioactive facilities in IGCAR. An Aerosol Test Facility (ATF) was established to study the
characteristics of sodium aerosols generated in fast reactor in various scenarios. Whole Body Counting,
Nuclear Counting, TLD Personnel monitoring, HEPA-Filter Test facility, Bio-assay, Bio-dosimetry, Waste
Inspection Tomography are some of the facilities catering to the health physics services to all the facilities
at the centre. An Online Nuclear Emergency Response System (ONERS) was indigenously developed for
the Kalpakkam site for decision support during nuclear emergencies by implementing the numerical weather
forecast and dispersion models in operational mode and by setting up meteorological towers and environmental
gamma dose monitors at the site with real-time data access. An early warning system based on state of art
operational weather forecast models was also implemented for cyclone emergency preparedness and disaster
management. Environmental and Industrial Safety Division provides industrial safety services to all the facilities
at IGCAR. This Division also carries out R&D in the domain of aquatic and terrestrial biodiversity and sediment
characterization. The Group organizes public awareness programmes on radiation safety and nuclear energy in
DGGLWLRQWRWUDLQLQJDQGDZDUHQHVVSURJUDPPHVRQLQGXVWULDOUDGLDWLRQDQG¿UHVDIHW\WRRFFXSDWLRQDOZRUNHUV
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Engineering Services Group

Shri A. Jyothish Kumar
Director, ESG

Shri B. Harikrishnan
AD, CEG & Head,CMWD

Shri C. Chandran
Head, AC&VSD

Shri G. Kempulraj
Head,CWD

Shri K.P. Kesavan Nair
Head, ESD

Shri N. Suresh
Head, CED

Shri H.R. Sridhara
Head, ASED

The Engineering Services Group (ESG) is responsible for providing quality services and activities
pertaining to Civil engineering, Electrical Engineering, Voice Communication Systems, Air-conditioning
and Ventilation Systems, Material Handling Equipments and Central Workshop activities. The group
also coordinates the BSNL requirements of the Centre. The group has a mandate to establish additional
infrastructure requirements so as to meet Design, R&D and operational objectives of IGCAR. The group
has expert teams with capability to design, engineer and execute systems under their jurisdiction. Electricity,
water, quality-air and other services including services from Central Workshop are being extended to
other units of DAE located at Kalpakkam. The nature of work involves interaction with several State
Government and Central Government Organisations. AC&VSD is responsible for providing reliable airconditioning and ventilation services to various radioactive laboratories and R&D facilities of the Centre.
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Fast Reactor Fuel Cycle Facility

Dr A. Ravishankar
Project Director

Shri Anupam Sharma
CE & AD, Constn.

Shri B. Anandapadmanaban

Shri C. Sudhakar
Head, B&PD

AD, QA

Shri B. M. Anandarao
AD, HCSPG & DFE

Shri K Rajan
Head, RPDD

Fast Reactor Fuel Cycle Facility is entrusted with the work of planning, designing, constructing and
commissioning the Fast Reactor Fuel Cycle Facility to close the fuel cycle of PFBR. FRFCF is a multi
unit project involving BARC, IGCAR and NFC. IGCAR is piloting the construction of FRFCF. The Group
FRQWLQXRXVO\LQWHUDFWVZLWKWKHSDUWLFLSDWLQJJURXSVIURPGLႇHUHQWXQLWVRI'$(+DYLQJFRPSOHWHGWKHLQLWLDO
part of its mandate of coordinating the activities related to design of the facility, obtaining regulatory and
VWDWXWRU\DSSURYDOVRIWKHSURMHFWSUHSDUDWLRQRIWKHGHWDLOHGSURMHFWUHSRUWSURFHVVLQJDQGREWDLQLQJ¿QDQFLDO
sanction and developing all the infrastructure of the project, the group is currently engaged in the later part of
its mandate, namely, the construction and commissioning of FRFCF. Construction of several infrastructural
buildings is in progress while the construction in the nuclear island is about to start after completing the
deep excavation activity needed for laying the foundation of various plant buildings with seismological design.
Successful commissioning of FRFCF is an essential step for embarking on construction of second stage nuclear
power plants based on plutonium fuel that would pave the way for achieving energy security for the Nation.
The Hot Cell Systems and Projects Group (HCSPG) is responsible for the design, development and manufacturing
RIYDULRXVKRWFHOOV\VWHPVKHDGHQGHTXLSPHQWVDQGGLႇHUHQWW\SHVRIUHPRWHKDQGOLQJV\VWHPVUHTXLUHG
for radiological facilities in particular to Fast Reactor Fuel Reprocessing Plants. The group is also involved in
the design, development and manufacturing of special equipments such as laser based fuel sub-assembly
GLVPDQWOLQJ PDFKLQH PXOWL IXHO SLQ FKRSSHU HOHFWURO\WLF WLWDQLXP GLVVROYHU IHHG FODUL¿FDWLRQ HTXLSPHQWV
centrifugal extractors, robotic based sampling system, etc., for deployment in fast reactor fuel reprocessing plants.
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Fast Reactor Technology Group

Shri K.K. Rajan
Director, FRTG

Shri B. Babu
Head, IDSD

Shri B.K. Nashine
Head, DDRSD

Shri G. Padmakumar
Head, SEHD & CTD

Shri V. Prakash
Head, VDD

Fast Reactor Technology Group (FRTG) has the mandate of development and testing of reactor components of
FBRs. The group is responsible for the engineering development and testing in air, water and sodium of many
components of PFBR. Design validation of critical components of FBRs are achieved through experiments in
sodium and in water using full scale/scaled down models. FRTG has acquired expertise in the development
RIVHQVRUVDQGGHYLFHVIRUVRGLXPDSSOLFDWLRQVXFKDV(0ÀRZPHWHUVOHYHOSUREHVOHDNGHWHFWRUVFROG
traps and electromagnetic pumps. The group is entrusted with the responsibility of engineering development
towards scaling up of pyro processing techniques from laboratory to engineering scale and setting up of
engineering scale facilities which is in progress. Expertise has been developed in sodium handling in the
design, construction, commissioning and operation of high temperature sodium systems. The major sodium
test facilities of FRTG include 5.5 MWt Steam Generator Test Facility (SGTF) for testing the model steam
generators of FBRs, SADHANA loop for experimentally demonstrating natural convection based safety grade
decay heat removal system of FBRs, Large Component Test Rig (LCTR) for testing critical full scale FBR
components, In Sodium Test facility (INSOT) for creep and fatigue testing of advanced materials and Sodium
Water Reaction Test (SOWART) facility to study self wastage and impingement wastage of SG tubes. Recent
DFKLHYHPHQWVRI)57*WRZDUGV3)%5LQFOXGHTXDOL¿FDWLRQDQGWHVWLQJRIUHDFWRUFRPSRQHQWVOLNH,QFOLQHG
Fuel Transfer Machine (IFTM), Transfer Arm(TA), under sodium ultrasonic scanner, design, fabrication and
TXDOL¿FDWLRQRIH[WHQGHGVSDUNSOXJW\SHOHDNGHWHFWRULQVRGLXPFDOLEUDWLRQRISHUPDQHQWPDJQHWÀRZPHWHUV
and sodium testing of RADAR level probes, in-situ regeneration of Cold trap and experiments on gas bubbles
GHWHFWLRQLQVRGLXP)57*LVDOVRLQYROYHGLQWKHGHYHORSPHQWDOHႇRUWVWRZDUGVLPSURYLQJWKHHFRQRPLFV
DQG HQKDQFLQJ WKH VDIHW\ RI IXWXUH )%5V 7KH IDEULFDWLRQ RI LQWHJUDWHG FROG WUDS IRU LQYHVVHO SXUL¿FDWLRQ
development of model sweep arm scanner, integrated testing of Stroke Limiting Device with CSRDM,
development of in-sodium pressure measurement device, high temperature ultrasonic transducer and exvessel level probe for sodium applications are some of the activities that arepursued for future FBRs. Major
activities currently being pursued in FRTG include development of SONAR device for subassembly vibration
measurement, conduct of high temperature tribology and thermal striping experiments for evaluating FBR
component materials and design. Fabrication and erection of sodium test facilities namely Sodium Facility for
Component Testing in Engineering Hall-I and Sodium Technology Complex are in progress. In Engineering
Hall-IV, fabrication and erection of 5/8 scale sector model for hydraulic studies and facility for conducting FIV
tests on seven subassembly cluster are completed.
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Materials Science Group

Dr. G. Amarendra
Director, MSG

Dr. B.K. Panigrahi
Head, MPD

Dr. B.V.R. Tata
Head, CMPD

Dr. A.K. Tyagi
Head, SND

The Materials Science Group (MSG) has the mandate of pursuing high quality basic research on topical
problems in Materials Science relevant to fast reactors and the group comprises of three divisions. The
Condensed Matter Physics Division focuses on the investigation of structure and physical properties of
materials under extreme conditions such as high pressures, low temperatures, high temperatures and high
PDJQHWLF¿HOGV$FWLYHUHVHDUFKSURJUDPVUHODWHGWRWKHXVHRI5DPDQ6SHFWURVFRS\IRUVWXGLHVRIYLEUDWLRQDO
properties of materials, use of Dynamic Light Scattering and Confocal Microscopy for studies on soft condensed
matter, use of laser heated diamond anvil cell facility for synthesis of materials under high pressures and
high temperatures and investigations on physical properties of novel materials at low temperatures, high
PDJQHWLF¿HOGVDQGKLJKSUHVVXUHVDUHEHLQJSXUVXHG6HYHUDO648,'EDVHGPHDVXULQJV\VWHPVVXFKDVKLJK
¿HOG648,'PDJQHWRPHWHU648,'960648,'EDVHGVHWXSIRU1RQ'HVWUXFWLYH(YDOXDWLRQ 1'( DQG
multichannel SQUID based systems for Magneto-cardiography (MCG) and Magneto-encephalography (MEG)
have been successfully designed and assembled. The Materials Physics Division focuses on studies on Ion
beam simulation of radiation damage using a 1.7 MV tandem accelerator, studies on defects using Positron
Annihilation Spectroscopy and Computer simulation of material properties. Several nuclear techniques such
DV 7LPH 'LႇHUHQWLDO 3HUWXUEHG $QJXODU &RUUHODWLRQ 7'3$&  $XJHU (OHFWURQ 6SHFWURVFRS\ 0RVVEDXHU
Spectroscopy etc. have been used for the study of condensed matter, while positron beam set-up is used
for depth resolved studies of defects. The Surface and Nanoscience Division focuses on studies on thin
¿OPVPXOWLOD\HUVDQGKDUGFRDWLQJVXVLQJDYDULHW\RIWHFKQLTXHVVXFKDV6HFRQGDU\,RQ0DVV6SHFWURPHWU\
nanomechanical testing and Scanning Probe Microscopy. Research activities relating to sensors based on
nanomaterials, micromachined cantilevers and MEMS are being pursued.
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Metallurgy and Materials Group

Dr. A.K. Bhaduri
Director, MMG

Dr. K. Laha
Head, MMD

Dr. U. Kamachi Mudali Dr. M. Vijayalakshmi
AD, PMG
AD, CSTG

Shri E. Mohandas
Head, MSSCD

Dr. B. Purna Chandra Rao

Head, NDED

Shri Jojo Joseph
Head, PIED

Dr. Shaju K. Albert
Head, MTD

Dr. Saroja Saibaba
Head, MTPD

Dr. S. Murugan
Head, RHIERD

Dr. C. Mallika
Head, CSTD

The Metallurgy and Materials Group (MMG) of IGCAR has been nurturing a vibrant research and development
programme which is targeted to provide a comprehensive knowledge-base and active support to a variety
of materials related issues of India’s sodium cooled fast reactors (SFR) agenda and associated closed fuel
cycle activities. In the recent past, MMG has made major strides towards the successful development of three
generations of nuclear structural materials aimed at withstanding demanding operating and environmental
conditions. A few notable among them include: swell-resistant austenitic and high Cr-based ferritic steels,
especially the oxide dispersion strengthened (ODS) variety for SFR core components. Besides, MMG is also
LQYROYHGLQWKHGHYHORSPHQWRIDQDUUD\RIQRYHODSSOLFDWLRQVSHFL¿FRUIXQFWLRQDOPDWHULDOVVXFKDVIHUURVHDOV
for sodium pumps, ferroboron for meeting the requirement of cheap and alternate neutron shield material, iron
based soft magnetic alloy for control rod applications and corrosion resistant materials, coatings for aqueous
and pyrochemical reprocessing applications. In addition, MMG has also pioneered the design, fabrication and
in-pile testing of irradiation capsules. Extensive post irradiation examination facilities established have been
HႇHFWLYHO\XWLOL]HGIRUREWDLQLQJH[WUHPHO\YDOXDEOHGDWDRQWKHLQSLOHSHUIRUPDQFHRIYDULRXVIXHOVVWUXFWXUDO
and shielding materials. In an allied perspective, MMG has immensely contributed towards developing
D VSHFWUXP RI QXFOHDU DSSOLFDWLRQ VSHFL¿F QRQ GHVWUXFWLYH HYDOXDWLRQ 1'(  WHFKQLTXHV IRU LQVSHFWLQJ DQG
qualifying large sized and intricate reactor components. The human resource expertise of MMG is one of a
balanced and unique blend of experienced and energetic talents, whose specialty touches almost all branches
of theoretical and experimental aspects of materials science, component manufacturing & inspectionTXDOL¿FDWLRQ WHFKQRORJ\ 0HQWLRQ PXVW EH PDGH RI 00*¶V FRQWULEXWLRQ RQ WKH GHYHORSPHQW RI DGYDQFHG
welding techniques for joining special materials with tight control over process parameters and ensuring
component integrity, automated and robotic systems for remote inspection of critical nuclear engineering
components as well as for post irradiation examination facilities. On the theoretical front, robust modelling
protocols for predicting high temperature phase stability, thermophysical properties, deformation behavior and
mechanical properties of materials under various loading conditions etc. are also being pursued by MMG. It is
not an exaggeration to say that MMG houses a truly sprawling and state of the art materials characterization
and testing facilities that have been put into adroit use for catering to the materials developmental issues of
QRWRQO\¿VVLRQDQGIXVLRQQXFOHDUUHDFWRUVEXWDOVRIRUWKHDGYDQFHGXOWUDVXSHUFULWLFDO $86& SRZHUSODQW
programme. Besides, availability of top quality technical expertise has made it possible to attract many a young
brain to pursue their research programmes at MMG under the banner of Homi Bhabha National Institute.
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Reactor Design Group

Shri G. Srinivasan
Director, RDG

Shri P. Puthiyavinayagam
AD,CDG

Dr. K. Devan
Head, RND

Shri A. John Arul
Head, RSDD

Shri P. Selvaraj
AD, RAG

Ms. S. Usha
AD, PPG

Shri B.K. Nashine
Head, SED

Shri S. Raghupathy
Head, CH & MD

Shri V. Balasubramaniyan
Head, RCD

Shri N. Theivarajan
Head, PPCD

Dr. K. Velusamy
Head, MHD

The Reactor Design Group (RDG) is responsible for analysis of FBR power plant systems, design and
development of components including core, shutdown, handling mechanisms and balance of plant. The group
is responsible for getting safety clearance from Atomic Energy Regulatory Board (AERB). The group comprises
of Core Design Group (CDG), Reactor Analysis Group (RAG), Power Plant Group (PPG), Reactor Components
Division (RCD) and Component Handling & Mechanism Division (CHMD). The group also executes R&D in the
domain of structural mechanics, thermal hydraulics and safety engineering, involving national and international
institutions. It provides design support to the construction and commissioning of 500 MWe Prototype Fast
Breeder Reactor (PFBR), which is under construction at Kalpakkam. It also provides analytical support to
other groups in the Centre including Fast Breeder Test Reactor (FBTR) as well as for other strategic and
high end technologies in the country. The responsibility of the group includes developing high quality human
resource for the design and analysis of SFRs in the country. It is currently engaged in conceptualizing as
well as detailing the innovative reactor components for the reactor assembly of future SFRs. The group has
DERXWVFLHQWLVWVDQGHQJLQHHUV7KHVHDSDUWLWKDVDPRGHUQGHVLJQRႈFHZLWKPDQ\DGYDQFHGPRGHOLQJ
and analysis softwares, Structural Mechanics Laboratory (SML) having state-of-the-art facilities for carrying
out tests on large components, high temperature structural integrity and seismic tests with large sized shake
tables and safety research laboratory (SRL) for carrying out tests in the domain of severe accidents and to
VWXG\WKHVFLHQFH WHFKQRORJ\RIVRGLXP¿UHVDQG¿UHH[WLQJXLVKHUV7KLVJURXSKDVH[SHUWLVHLQWKHGRPDLQ
of design of mechanisms operating in sodium, mechanical design and analysis of components as per the
American (ASME) and French (RCC-MR) design codes, thermal hydraulics of liquid metal, plant dynamics etc.
The group is periodically providing design supports to other national mission projects, especially in space and
other energy sectors.
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Reprocessing Group

Dr. S.A.V. Satya Murty
Director, RpG

Dr. U. Kamachi Mudali Shri V. Vijayakumar
AD, MPEDG
AD, RPOG & Head, RPOD

Shri B. Krishnamurthy
Head, RpMD

Dr. C. Mallika
Head, RRDD

Shri K. Rajan
Head, FRPD

The success of Indian Fast Breeder Reactor (FBR) programme depends on closing the fuel cycle within a short
SHULRGVRWKDWWKHLQYHQWRU\RI¿VVLOHPDWHULDORXWVLGHWKHUHDFWRUFDQEHDVVPDOODVSRVVLEOH7KH5HSURFHVVLQJ
Group (RpG) of IGCAR is responsible for achieving this objective. Various activities pertaining to fast reactor
fuel reprocessing technology such as the design, construction and operation of the reprocessing plants are
being undertaken by this Group. Facilities are available to carry out extensive engineering scale testing
RI HTXLSPHQW DQG V\VWHPV EHIRUH LQVWDOODWLRQ LQ UDGLRDFWLYH KRW FHOOV &KRSSHU GLVVROYHU IHHG FODUL¿FDWLRQ
HTXLSPHQWFHQWULIXJDOH[WUDFWRUVDQGGLႇHUHQWW\SHVRISXOVHFROXPQVDUHIHZLPSRUWDQWHTXLSPHQWWKDWDUH
being developed for deployment in fast reactor fuel reprocessing plants. Apart from equipment development,
research is focused towards understanding and solving various process, chemistry and analytical problems
UHOHYDQWWRIDVWUHDFWRUIXHOUHSURFHVVLQJVXFKDVSURFHVVÀRZVKHHWVWXGLHVWRLPSURYHWKHSODQWSHUIRUPDQFH
for higher recoveries and reduced waste generation, mathematical modeling of solvent extraction of the
FRPSOH[ 83X V\VWHP VROYHQW H[WUDFWLRQ NLQHWLFV RI WURXEOHVRPH ¿VVLRQ SURGXFWV VROYHQW PDQDJHPHQW
development of alternate solvent-diluent systems, development of online monitoring of Pu for process control,
OLTXLG ÀRZ PHWHULQJ LQ KLJK UDGLRDFWLYH ¿HOGV GHYHORSPHQW RI PDWHULDO KDQGOLQJ HTXLSPHQW LQVLGH WKH KRW
cells, etc. In one of the hot cell facilities, uranium was recovered from irradiated thorium rods using THOREX
process which is used as fuel in KAMINI reactor and in FBTR (as PFBR test fuel). The hot cell facility, called
CORAL (Compact facility for Reprocessing Advanced fuels in Lead cells) commissioned in 2003, is being
GHSOR\HGDVDYHUVDWLOHWHVWEHGIRUYDOLGDWLQJWKHSURFHVVÀRZVKHHWDQGVFDOLQJXSRIHTXLSPHQWGHVLJQVIRU
fast reactor fuel reprocessing, by processing the FBTR spent fuel. This experimental facility has been used
for reprocessing several batches of mixed carbide fuels irradiated in FBTR with 25, 50, 100 and 155 GWd/t
burn-ups. This has provided valuable experience to the design of Demonstration Fast Reactor Fuel Reprocessing
3ODQW ')53 LQZKLFKPL[HGFDUELGHDQGR[LGHVRIGLႇHUHQWFRPSRVLWLRQVZLOOEHUHSURFHVVHGRQDUHJXODU
basis. DFRP is also designed to reprocess PFBR fuel sub-assemblies for demonstrating the reprocessing of
irradiated PFBR oxide fuels. In addition to these activities, RpG is carrying out the design of the reprocessing
plant, for reprocessing the spent fuels of PFBR on commercial basis and is also involved in the development
of aqueous reprocessing method to reprocess metallic spent fuels of commercial breeder reactors, as an
alternate to pyro-chemical process.
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Reactor Operations and Maintenance Group

Shri G. Srinivasan
Director, ROMG

Dr. S. Anthonysamy Shri K.V. Suresh Kumar Shri S. Varatharajan
3URMHFW0DQDJHU')0)
AD, TTG & Head, TSD
AD, OMG

Shri A. Babu
Head, RMD

Shri N. Kasinathan
Head, RAD

Shri G. Shanmugam
Head, ROD

7KH5HDFWRU2SHUDWLRQDQG0DLQWHQDQFH*URXS 520* LVUHVSRQVLEOHIRUVDIHRSHUDWLRQRI)DVW%UHHGHU
7HVW 5HDFWRU )%75  DQG .$0,1, 5HDFWRU ZLWKLQ WKH OLPLWV JLYHQ LQ WHFKQLFDO VSHFL¿FDWLRQ GRFXPHQWV
7KH JURXS DOVR WDNHV SDUW LQ WKH RSHUDWLRQDO VDIHW\ UHYLHZ RI 3)%5 3URMHFW GRFXPHQWV 7KH 7UDLQLQJ
VHFWLRQ RI WKH JURXS LV UHVSRQVLEOH IRU WUDLQLQJ WKH 2 0 VWDႇ RI 3)%5 DQG IXWXUH )%5V EHVLGHV WUDLQLQJ
2 0 VWDႇ RI )%75 DQG .$0,1, 3URJUHVVLYH PRGL¿FDWLRQV LQ )%75 WR LQFUHDVH LWV DYDLODELOLW\ DQG IRU
gaining newer experience in operation, utilizing the reactor for irradiation of advanced fuels and materials
IRU IDVW UHDFWRUV DQG FRQGXFWLQJ VDIHW\ UHODWHG H[SHULPHQWV IRUP D PDMRU SDUW RI 520*¶V DFWLYLWLHV

Resources Management Group
5HVRXUFHV 0DQDJHPHQW *URXS FRPSULVHV RI WKH 6FLHQWL¿F ,QIRUPDWLRQ 5HVRXUFH
Division, Strategic Planning and Human Resource Development Division and OCESTraining Section. The mandate of the Group is towards planning and management of
UHVRXUFHV OLNH ¿QDQFLDO EXGJHW  KXPDQ DQG VFLHQWL¿F LQIRUPDWLRQ UHVRXUFHV LQ WKH
&HQWUH7KLV VLJQL¿FDQW DFWLYLWLHV RI WKH *URXS LQFOXGH 6WUDWHJLF SODQQLQJ DQG KXPDQ
resource management, Conducting the academic programmes of BARC Training school
DW ,*&$5 )RUPXODWLQJ DQG PRQLWRULQJ &DSLWDO SURMHFWV WRZDUGV EXGJHW SODQQLQJ DQG
Dr. M. Sai Baba
management including providing necessary reports and proposals to DAE, Automation
$'50* +HDG6,5'
DQG LQWHJUDWLRQ RI DFWLYLWLHV SHUWDLQLQJ WR DGPLQLVWUDWLRQ DFFRXQWV VWRUHV EXGJHW DQG
SPHRDD
procurement on a single platform, Coordinating the visits of important dignitaries and
GHOHJDWLRQV WR WKH &HQWUH IRUPXODWLQJ DQG IDFLOLWDWLQJ FROODERUDWLRQV DQG 0R8 LQFOXGLQJ SDWHQWV 3URYLGLQJ
WHFKQLFDOFRRUGLQDWLRQZLWKYDULRXVDJHQFLHVDQGFRQGXFWLQJSXEOLFDZDUHQHVVSURJUDPPHVIRUWKHEHQH¿WRI
SXEOLFDQGPHGLD3URYLGLQJLQIRUPDWLRQUHVRXUFHVWKURXJKFRQYHQWLRQDOOLEUDU\DQGWKHOLEUDU\RQWKHGHVNWRS
E\GLJLWDOQHWZRUNLQJZLWKVSHFLDOHPSKDVLVWRFDWHUWRWKHQHHGVRIVWXGHQWVDQG\RXQJVFKRODUVDQGSXEOLVKLQJ
LPSRUWDQWGRFXPHQWVRIWKH&HQWUHOLNH,*&1HZVOHWWHU$QQXDO5HSRUW%HQFKPDUNVSUHSDUDWLRQRIDQQXDO
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reports and plan related documents. This group also coordinates the facilitation of undergraduate and post
graduate projects by students from various academic institutions, internships of students pursuing M.Tech. in
Nuclear Engineering, summer schools of Harischandra Research Institute and BITS, and industrial visits of
students from institutions on a continuous basis

Technical Co-ordination & Quality Control Division
Technical Co-ordination & Quality Control Division is primarily responsible for quality
control and manufacturing process development of several critical equipments for IGCAR
manufactured in the Western Region of the Country. It provides technical co-ordination
services for the Centre with BARC as well as the Headquarters of DAE. TC&QCD also

Shri R.V. Subba Rao
Head, TC&QCD

participates in a number of R&D activities which are being carried out at BARC towards
meeting the mandate of IGCAR, PFBR and FRFCF. Some of the major contributions
of TC&QCD in the recent years are QA of 800 mm thick SA 516 welding by SAW and
LWVTXDOL¿FDWLRQDVSHU5&&05VRGLXPWRDLUKHDWH[FKDQJHU$QDO\WLFDOV\VWHPURERW
& Sample handling robot, stainless steel in-cell crane, dry type transformers, power

cables, instrumentation cables, MI heaters and PFBR Neutron Detector Assembly. TC&QCD is continuing to
SDUWLFLSDWHLQWKH5 'DFWLYLWLHVIRUGHYHORSPHQWRIKLJKWHPSHUDWXUH¿VVLRQFKDPEHUVRWKHUQHXWURQGHWHFWRUV
for PFBR along with various divisions of BARC and ECIL, under sodium ultrasonic scanner, PIED scanner for
pressure tube, sweep arm scanner and sputter ion pump development at BARC and inspection. Presently it is
also engaged in the inspection of Glove Boxes and Fume Hoods being fabricated in bulk quantity for FRFCF
DQG+LJK7HPSHUDWXUH(OHFWUR5H¿QHUDQGVDOWSXUL¿FDWLRQV\VWHPIRU0HWDOOLF)XHO5HSURFHVVLQJDFWLYLW\

Madras Regional Purchase Unit

Shri S.Paramasivam
RD, MRPU

Material Management activities for IGCAR, GSO, BARCF & HWP(T) are taken care of
by Madras Regional Purchase Unit (MRPU) which comes under Directorate of Purchase
& Stores of Department of Atomic Energy. Procurement and payment to suppliers are
carried out at Chennai and inventory and accounting are carried out by Central Stores at
.DOSDNNDP0538ZDVWKH¿UVW'$(XQLWWRLQWURGXFHHWHQGHULQJDQGPRUHWKDQRI
¿OHVZHUHSURFHVVHGE\HWHQGHULQJPRGHLQWKHHWHQGHUSRUWDOZZZWHQGHUZL]DUGFRP
DAE. During the year 2015, MRPU processed about 3481 indents with an estimated
cost of 500 Crores and released about 3290 purchase orders worth 285 Crores.

Administration & Accounts

Shri M. Raju
Internal Financial Adviser

Shri A.K. Vikraman Nair
Director (P&A)

Shri K.R.Sethuraman
AO(R&SR) & Secretary, IGCSC
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LIST OF IMPORTANT ABBREVIATIONS
AC&VSD
AERB
A&SED
BARC
BARCF
BHAVINI
BPD
CD
CDG
CED
CEG
CERMON
CFD
CG
CTD
CH&MD
CMPD
C&MWD
CORAL
CSTD
CSTG
CWD
DDRSD
DFMFF
DFRP
EID
EIG
EIRSG
EnSD
ESD
ESG
FBR
FBTR
FChD
FRFCF
FRPD
FRTG
HSCPG
GSO
IAEA
IIT
ID&SD
IMSc
I&CD
MAPS
MCD
MHD
MMD
MMG
MPD
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Air Conditioning and Ventilation System Division
Atomic Energy Regulatory Board
Architecture & Structural Engineering Division
Bhabha Atomic Research Centre
Bhabha Atomic Research Centre Facilities
Bharatiya Nabhikiya Vidyut Nigam Limited
Budget & Procurement Division
Computer Division
Core Design Group
Civil Engineering Division
Civil Engineering Group
Continuous Environmental Radiation Monitoring Network
Chemical Facilities Division
Chemistry Group
Chemical Technology Division
Components Handling & Mechanism Division
Condensed Matter Physics Division
Contracts & Major Works Division
Compact facility for Reprocessing Advanced fuels in Lead cell
Corrosion Science & Technology Division
Corrosion Science & Technology Group
Central Workshop Division
Device Development and Rig Services Division
Demonstration Facility for Metallic Fuel Fabrication
Demonstration Fuel Reprocessing Plant
Electronics and Instrumentation Division
Electronics and Instrumentation Group
Electronics and Instrumentation and Radiological
Safety Group
Environmental & Safety Division
Electrical Services Division
Engineering Services Group
Fast Breeder Reactor
Fast Breeder Test Reactor
Fuel Chemistry Division
Fast Reactor Fuel Cycle Facility
Fuel Reprocessing Process Division
Fast Reactor Technology Group
Hot Cell Systems and Project Group &
Design and Field Engineering
General Services Organisation
International Atomic Energy Agency
Indian Institute of Technology
Instrumentation Development & Services Division
Institute of Mathematical Sciences
Instrumentation & Control Division
Madras Atomic Power Station
Materials Chemistry Division
Mechanics & Hydraulics Division
Mechanical Metallurgy Division
Metallurgy and Materials Group
Materials Physics Division

MPEMD
MRPU
MSG
MSSCD
MTD
MTPD
NDED
NFC
NICB
NPCIL
PFBR
PHWR
PIED
PMG
PPCD
PPG
PDCG
QAD
RAD
RAG
RCD
RDG
RIRD

Materials, Process and Equipment Development Group
Madras Regional Purchase Unit
Materials Science Group
Materials Synthesis & Structural Characterization Division
Materials Technology Division
Microscopy & Thermo-Physical Property Division
Non-Destructive Evaluation Division
Nuclear Fuel Complex
Nuclear Island Connected Building
Nuclear Power Corporation of India Ltd.
Prototype Fast Breeder Reactor
Pressurized Heavy Water Reactor
Post Irradiation Examination Division
Physical Metallurgy Group
Power Plant Control Division
Power Plant Group
Process Design & Commissioning Group
Quality Assurance Division
Reactor Analysis Division
Reactor Analysis Group
Reactor Components Division
Reactor Design Group
Remote Handling, Irradiation Experiments and
Robotics Division
RMD
Reactor Maintenance Division
RMG
Resources Management Group
RND
Reactor Neutronics Division
ROD
Reactor Operation Division
ROMG
Reactor Operation and Maintenance Group
RDD
Reprocessing Plant Design Division
RpMD
Reprocessing Maintenance Division
RpG
Reprocessing Group
RPOD
Reprocessing Plant Operations Division
RpOG
Reprocessing Operation Group
RRDD
Reprocessing Research and Development Division
RSD
Radiological Safety Division
RSDD
Reactor Shielding and Data Division
RSEG
Radiological Safety & Environmental Group
RTSD
Real Time Systems Division
SED
Safety Engineering Division
SE&HD
Sodium Experiments & Hydraulics Division
SGTF
Steam Generator Test Facility
SIRD
Scientific Information and Resource Division
SND
Surface and Nanoscience Division
SOWART Sodium Water Reaction Test facility
SP&HRDD Strategic Planning & Human Resource Development
Division
TC&QCD Technical Coordination & Quality Control Division
TSD
Technical Services Division
TTG
Technical & Training Group
VDD
Vibration Diagnostics Division
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INDIRA GANDHI CENTRE FOR ATOMIC RESEARCH
Dr. S.A.V. SATYA MURTY
DIRECTOR, IGCAR

IGC Council
,*&6FLHQWL¿F&RPPLWWHH
[ IGCSC ]

Director’s Advisory
Committee [ DAC ]

Dr. S.A.V. Satya Murty

Dr. G. Amarendra

Director
Chemistry Group

Director
Materials Science Group

Dr. S.A.V. Satya Murty

Dr. A.K. Bhaduri

Director
Electronics, Instrumentation And
Radiological Safety Group

Director
Metallurgy & Materials Group

Shri A. Jyothish Kumar

Shri G. Srinivasan

Director
Engineering Services Group

Director
Reactor Design Group

Dr. K. K. Rajan

Shri G. Srinivasan

Director
Fast Reactor Technology Group

Director
Reactor Operations & Maintenance Group

Dr. A. Ravishankar

Dr. S.A.V. Satya Murty

Project Director
Fast Reactor Fuel Cycle Facility

Director
Reprocessing Group

Shri R.V. Subba Rao

Head
Technical Co-Ordination&Quality Control Division

Dr. M. Sai Baba
Associate Director
Resources Management Group

(Stationed at BARC, Mumbai)

Shri M. Raju

Shri A.K. Vikraman Nair

Internal Financial Adviser
Accounts

Director (P&A)
Administration
as on 31-12-2015
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Groups / Divisions / Heads
Chemistry Group
Dr. S. A.V. Satya Murty
Director

Dr. M. Joseph

Dr. R. Sridharan

Associate Director
Fuel Chemistry Group

Associate Director
Materials Chemistry Group

Dr. R. Sridharan

Materials Chemistry Division

Shri R.R. Ramanarayanan

Dr. M. Joseph

Chemical Facilities Division

Fuel Chemistry DIVISION

Electronics, Instrumentation
and Radiological Safety Group
Dr. S. A.V. Satya Murty
Director

Shri K. Madhusoodanan

Associate Director
Electronics & Instrumentation Group

Shri K. Madhusoodanan

Associate Director
Radiological Safety & Environmental Group

Dr. B. Venkatraman

Computer Division

Radiological Safety Division

Shri K. Madhusoodanan

Shri B. Anandapadmanaban

Real Time Systems Division

Dr. D. Thirugnanamurthy

Electronics & Instrumentation Division

Shri K. Madhusoodanan

Instrumentation & Control Division
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Dr. B. Venkatraman

Quality Assurance Division

Dr. K.K. Satpathy

Environment & Safety Division

Shri G. Prabhakara Rao

Security and Innovative Sensors
Division
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Groups / Divisions / Heads
Fast Reactor Technology Group

Engineering Services Group

Dr. K.K. Rajan

Shri A. Jyothish Kumar

Director

Director

Shri V. Prakash

Shri B. Harikrishnan

Shri K.P. Kesavan Nair

Vibration Diagnostics Division

Associate Director
Civil Engineering Group

Electrical Services Division

Shri G. Padmakumar

Chemical Technology Division

Shri G. Kempulraj

Shri N. Suresh

Central Workshop Division

Shri B.K. Nashine

Civil Engineering Division

Shri C. Chandran

Device Development & Rig
Services Division

Shri H.R. Sridhara

Air-Conditioning & Ventilation
System Division

Shri G. Padmakumar

Architecture & Structural
Engineering Division

Sodium Experiments & Hydraulics
Division

Shri B. Harikrishnan

Contracts & Major Works Division

Shri B. Babu

Instrumentation Development
& Services Division

Fast Reactor Fuel Cycle Facility
Dr. A. Ravishankar
Project Director
Shri Anupam Sharma
Associate Director
Construction

Shri B.M. Ananda Rao

Associate Director, Hot Cell
Systems and Projects Group &
Design and Field Engineering

Shri B. Anandapadmanaban
Associate Director
Quality Assurance

Shri K. Rajan

Reprocessing Plant
Design Division

Shri C. Sudhakar
Budget & Procurement Division

Materials Science Group
Dr. G. Amarendra
Director
Dr. B.K. Panigrahi
Dr. B.V.R. Tata
Condensed Matter Physics Division

Materials Physics Division

Dr. A.K. Tyagi
Surface & Nanoscience Division

217

IGC ANNUAL REPORT - 2015

Groups / Divisions / Heads
Reactor Design Group
Shri G. Srinivasan
Director

Shri P. Puthiyavinayagam

Ms. S. Usha

Associate Director

Associate Director

Power Plant Group

Core Design Group

Dr. K. Devan

Shri N. Theivarajan

Reactor Neutronics Division

Power Plant Control Division

Shri A. John Arul

Shri P. Selvaraj

Reactor Shielding and Data
Division

Associate Director
Reactor Analysis Group

Shri V. Balasubramaniyan
Reactor Components Division

Dr. K. Velusamy

Mechanics & Hydraulics Division

Shri S. Raghupathy
Components Handling &
Mechanism Division

Shri B. K. Nashine

Safety Engineering Division

Metallurgy & Materials Group
Dr. A.K. Bhaduri
Director
Dr. M. Vijayalakshmi
Associate Director
Physical Metallurgy Group

Shri E. Mohandas

Materials Synthesis & Structural
Characterization Division

Dr. Saroja Saibaba

Microscopy & Thermo-Physical
Property Division

Dr. B. Purna Chandra Rao

Non-Destructive Evaluation Division

Shri Jojo Joseph

Post Irradiation Examination Division
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Dr. U. Kamachi Mudali
Associate Director

Corrosion Science & Technology Group

Dr. C.Mallika

Corrosion Science&Technology
Division

Dr. K. Laha

Mechanical Metallurgy Division

Dr. Shaju K. Albert

Materials Technology Division

Dr. S. Murugan

Remote Handling, Irradiation
Experiments and Robotics Division
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Groups / Divisions / Heads
Reactor Operations & Maintenance Group
Shri G. Srinivasan
Director

Shri S. Varatharajan
Associate Director

Shri K.V. Suresh Kumar

Technical & Training Group

Associate Director Operation &
Maintenance Group

Shri S. Varatharajan
Technical Services Division

Shri A. Babu
Reactor Maintenance

Dr. S. Anthonysamy

Division

Project Manager
Demonstration Facility

Shri G. Shanmugam

for Metallic Fuel Fabrication

Reactor Operation Division

Shri N. Kasinathan
Reactor Analysis Division

Reprocessing Group
Dr. S. A.V. Satya Murty
Director
Dr. U. Kamachi Mudali

Shri V. Vijayakumar

Materials, Process and Equipment
Development Group

Reprocessing Projects and
Operations Group

Associate Director

Associate Director

Dr. C. Mallika

Shri V. Vijayakumar

Reprocessing Research
& Development Division

Reprocessing Plant Operations
Division

Shri K. Rajan

Fuel Reprocessing Process Division

Shri B. Krishnamurthy

Reprocessing Maintenance Division
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Groups / Divisions / Heads
Resources Management
Group
Dr. M. Sai Baba
Associate Director

Dr. M. Sai Baba

Dr. M. Sai Baba

6FLHQWL¿F,QIRUPDWLRQ5HVRXUFH
Division

Strategic Planning & Human
Resource Development Division

Administration
Shri A.K. Vikraman Nair
Director (P&A)

Shri S.S. Boopathy

Shri K.R. Sethuraman

$GPLQLVWUDWLYH2ႈFHU 3

$GPLQLVWUDWLYH2ႈFHU 5 65

Accounts
Shri M. Raju
Internal Financial Adviser

Shri T.M.G. Kutty
Deputy Controller of Accounts

Ms. S. Renganayaki
3D\ $FFRXQWV2ႈFHU
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