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Abstract

This paper provides an overview of the challenges in development of safety critical software for Nuclear Plants, with

illustrations showing how the patterns of development, documentation, verification, etc. have evolved in BARC over

the last two to three decades.

IntroductionIntroductionIntroductionIntroductionIntroduction

Nuclear Power Plants (NPPs) in India have been using

software-based instrumentation & control (I&C) systems

for more than 3 decades. But, it was only from late 1980’s

that software has shown its presence in safety-critical

systems – which initiates reactor trip, decay heat removal,

etc – of Indian NPPs. Because of their criticality with respect

to plant safety, development of these software packages

has distinct characteristics from that of commercial

software or information system software. BARC has been

in the forefront of development of these critical software

packages for Indian NPPs. This paper provides a brief insight

into the main issues related to its development along with

a few snapshots of its evolution in BARC from rudimentary

to a more formal and sophisticated development process,

illustrated by data from various projects that the author

executed over the years.

Safety Critical SoftwareSafety Critical SoftwareSafety Critical SoftwareSafety Critical SoftwareSafety Critical Software

Safety critical software is one, the failure of which can

lead to accidents, which can cause damage to the system/

plant, personnel and the environment. In case of NPP’s,

this kind of software is used in class IA systems [1], which

are responsible to prevent postulated initiating events (PIEs)

from leading to accident conditions. Examples of such

systems are reactor protection system, safety actuation

system, decay heat removal system, etc.

Three important attributes of safety critical software are:

safety, security and comprehensibility. To ensure and assure

(i.e. to demonstrate) these attributes it is necessary to

follow a systematic and controlled software development

process. In this paper, to limit the contents, the safety

attribute is elaborated with details of its definition, main

issues, methods & practices and illustrations based on

data/statistics from various projects executed in BARC.

SafetySafetySafetySafetySafety

DefinitionDefinitionDefinitionDefinitionDefinition

‘Safety’ is the degree of conformance of a system or

software to,

 specified requirements, and,

 implied requirements to ensure plant safety, such

that “as far possible, under all failures/unspecified

conditions, a safe signal trajectory is executed that

leads the system being controlled to a safe state”

Main IssuesMain IssuesMain IssuesMain IssuesMain Issues

The main difficulties in ensuring safety are: incomplete

requirements and design verification.

Incompleteness in requirements is due to scenarios not

envisaged, and when such conditions occur, the design
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fails to produce the expected outputs. The omitted

scenarios may be failure conditions or even normal

conditions. For example, failure of an I/O board that causes

a valve to be in both open and closed state, or multiple

and possibly contradictory commands arriving

simultaneously from operator or process interlocks. There

is another class of scenarios that cannot be specified at

the system level, but are very crucial:  those which arise

from the specific implementation chosen. For example,

overflow of integers, precision loss in type conversion,

array bound violation, etc.  While, at system level it may

be possible – albeit with arduous efforts - to specify all

scenarios for a moderately complex system, it is extremely

difficult – if not impossible – to specify all the

implementation related scenarios, except for very simple

systems. In summary, the software engineer – responsible

for safety critical software - should continuously strive to

discover new safety requirements throughout the

development, i.e., during requirements specification,

design, coding and testing. The ability to carry out this is

part of the safety culture that the software engineer should

possess [2].

Main challenge with design verification is to ensure

complete coverage of the design/code in the verification

process. This means that the design or code should be

checked in all possible scenarios that not only cover all

specified system functions, with the software taken as a

black box, but all possible paths executed by software,

which additionally encompass all possible internal states

of the software. While it is fairly straight forward –

although cumbersome for complex systems - to test the

software with all possible inputs to check if the desired

outputs are produced, it is more challenging to design

‘negative tests’, which ensure that the software does not

do anything that it is not supposed to do. For example, if

a particular combination of inputs is supposed to trip the

reactor, the negative tests create all other combinations

of the inputs and check if the system does not trip the

reactor.

How to Ensure and Assure Safety?How to Ensure and Assure Safety?How to Ensure and Assure Safety?How to Ensure and Assure Safety?How to Ensure and Assure Safety?

Fig. 1 illustrates the elements for ensuring and assuring

safety.  The inner three blocks are the elements related to

ensuring safety, i.e. requirements analysis, standards

compliance and testing & verification and validation

(V&V). Outer two circles indicate the elements that are

necessary to assure safety, i.e. planning and

documentation. These elements of safety are described in

the following sections.

Fig. 1: Elements of Safety

Requirements Analysis

Requirements analysis is one of the most difficult tasks

for safety-critical software, as is clear from the description

given above. Industry statistics show that typically 25%

of software errors are due to erroneous requirements. It is

also quoted that if the effort to correct an error in

requirements analysis phase is 1, the effort for correction

during testing is 100 and after deployment it gallops to

400.

The software bugs detected during development is

developer’s perspective, while the software bugs detected

after deployment is user’s perspective; these may not be

considered as bugs by the developer. These conflicts

between developer and user arise because of

misinterpretation or incompleteness in the requirements.

Hence, it is prudent to involve users during requirements

analysis. This is especially important in case of Human-

machine interface (HMI) requirements.

A good software requirements document should be:

complete, correct and unambiguous. Correctness and

completeness are to be ensured thorough reviews,
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especially by the users. Usage of natural language, such

as English, is one of the main sources of ambiguities,

which can be reduced by using semi-formal (e.g. UML)

or formal language (e.g. Z). We have evolved from

software requirements written in English to use of data

flow techniques [3], and currently we use Unified

Modeling Language[4] (UML). Fig. 2 shows how, in our

projects, the documentation effort and document size

have multi-folded over the years, illustrating growing

emphasis and importance given to the requirements

analysis.

Testing and V&V

The third element related to ensuring safety is testing and

verification & validation (V&V). Verification checks if

product of a software development phases meets the

requirements set forward in a previous phase, while

validation checks if the software meets the software

requirements.

Fig. 3 illustrates how V&V methods have changed over

the years. Initially, review was done at the end of software

development, which does not provide any scope for

improving the software quality. Later years, the reviews

were done at the end of each phase. Manual reviews are

now supported by tools and formal methods for better

coverage and to reduce human errors.

Fig. 2: Evolution of Software Requirements Analysis

Standards Compliance

The second element related to ensuring safety is compliance

to relevant and applicable standards. The standards specify:

 Requirements for development, V&V, quality

assurance and change management

 List of documents to be produced

 do’s and don’ts in the design

 Important design criteria (e.g. connecting systems of

different classes)

Depending on safety class of the system, i.e. IA, IB, IC,

there are different standards. AERB-D-25[5] is the guide

to be used for safety systems of an Indian NPP. Other

widely used international standards are: IEC 60880 (for

IA systems)[6] and IEC 62138 (for IB & IC systems).

Fig. 3: Evolution of V&V Methods

From the last decade we have successfully been using

peer-reviews, in which software team members review

each other’s software designs. Also, independence V&V

(IV&V) was introduced for critical software, in which a

team independent of the user and designer executes the

V&V tasks. Fig.4 shows the comparisons of Peer V&V

and IV&V in terms of their effectiveness, i.e. the percentage

of errors detected in a phase. The Peer V&V is found to be

more effective as it is executed in line with the

development and because of better motivation in execution

of the V&V activity.

Software testing is conducted at three levels: unit test,

integration test and validation test. Fig. 5 shows how the

testing methodology has been evolved over the years.

Initially, software testing involved only the functional

checks based on inputs and outputs.
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Later on, structure-based (coding structure) and coverage-

based (path coverage, condition coverage, etc.) tests were

introduced. We have also used reliability growth based

testing, in which the fault intensity (failures per unit time

of test) was used to evaluate software reliability. Also,

statistical test was used in one system, in which pseudo-

random number based commands were executed

continuously over a period of few months and the system

response was evaluated. Now software tools are used to

make the software testing more effective and efficient.

Software Planning

A documented software development plan at the

beginning of a project is a very important element in

assuring software quality.  Various software plans and

their inter-relationship are illustrated in Fig. 6. The plans

consists of Software project management plan (SPMP),

software quality assurance plan (SQAP), software V&V

Plan (SVVP) and software configuration management plan

(SCMP). These plan documents not only stream line the

development, but specify the activities to be performed

(e.g. QA checks) and reports to be generated to provide

documentary evidence (e.g. for regulatory body) that the

development indeed was executed as planned.

Fig. 4: Comparison of Peer V&V and IV&V Effectiveness

Fig. 5: Evolution of Testing Methodology

DocumentationDocumentationDocumentationDocumentationDocumentation

Documentation is very often neglected, but it is one of

the most crucial elements to assure or demonstrate safety.

Documents not only include design documents, but, test

documents, V&V reports, etc.

Documentation provides evidence that an appropriate

system of development and V&V has been used. It also

Fig. 6: Software Planning

Fig. 7: Evolution of Software Documentation
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makes the products (requirements, design) amenable to

review - by V&V team and users - so that anomalies are

resolved at the earliest.

Fig. 7 shows how the software documentation has multi-

folded over the years, indicating that the importance and

efforts of documentation have considerably gone up over

the years.

PPPPParallel Tarallel Tarallel Tarallel Tarallel Trendsrendsrendsrendsrends

There are also methodologies other than that described

above. Formal verification can be effectively used for

hardware design, where the specification is clear, but is

not mature enough to handle fairly complex control/safety

software, where, requirements are very complex and have

to be understood from a plant perspective.

Model-based development reduces coding errors and cuts-

down the development and V&V time. But, one requires

very high confidence on the tool (as manual intervention

in V&V is cut-down drastically) and software models can

become extremely difficult to review. Besides, from security

point of view, software produced through some of these

tools are more vulnerable (e.g. Stuxnet).

ConclusionConclusionConclusionConclusionConclusion

This paper briefly discussed the important elements for

ensuring and assuring safety attribute of critical software

to be deployed in NPPs. In BARC, the software

development process and methodology used for NPP safety

systems have evolved considerably over the years. Using

our current development process, we are able to produce

software with less than 0.05 faults per KLOC after

deployment, which is better than the internationally

published data for similar software[7][8].
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The development of improved varieties for the staple food

crops has been achieved, however, in case of vegetatively

propagated crops like banana, apples, cassava and

sugarcane constraints of heterozygousity, systemic disease

and pest incidence have posed as drawbacks to the

application of induced mutagenesis. For this important

group, manipulation with somatic tissue has great

relevance and hence, in vitro protocols need to be

established for mutagenesis, production and handling of

large population to detect desirable mutations. The

evaluation of putative mutants will also require more time

and physical resources. Biologically, some peculiarities of

vegetatively propagated plants include the absence of

meiotic sieves, the concurrent fixation of deleterious allele,

pathogen transmission to subsequent generations, and

most importantly, the prevalence of chimeras [7].

R & D activities in sugarcaneR & D activities in sugarcaneR & D activities in sugarcaneR & D activities in sugarcaneR & D activities in sugarcane

In vitro culture methods in sugarcane have a great impact

both on basic research and applied commercial interest.

These include micropropagation of elite clones, production

of disease-free planting material, generation of

agronomically superior somaclones, screening methods

for biotic and abiotic stress tolerance, and conservation

of novel and useful germplasm.  Somatic embryogenesis

has been useful for propagating large number of uniform

plants in less time, for obtaining virus resistant plants

through somaclonal variation, mutagenesis and in vitro

selection and developing transgenic plants [8, 9]. Our R

& D activities in sugarcane include development of

different in vitro culture systems and their application.

This has provided a focused support to the DAE-BRNS

funded collaborative research projects on the application

of radiation mutagenesis for the isolation of useful

mutants in sugarcane. Two such programmes are

underway at Dr. Panjabrao Deshmukh Krishi Vidyapeeth

(PDKV), Akola and Vasantdada Sugar Institute (VSI), Pune.

Somaclonal variation in combination with in vitro

mutagenesis has been used for the isolation of salinity

and drought tolerant lines in a short duration employing

in vitro selection [10].  Radiation induced mutagenesis

has been undertaken using embryogenic callus cultures

followed by the in vitro selection and field evaluation of

selected lines. A general outline of the strategy is depicted

in Fig. 2. Calli irradiated at different doses (10 – 50 Gy) of

gamma rays showed decreasing percent survival with

increasing dose [11]. Irradiated embryogenic calli were

Fig. 2:  Radiation mutagenesis followed by in vitro selection in sugarcane
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exposed to different concentrations of NaCl (42.8, 85.6,

128.3, 171.1, 213.9 and 256.7 mM). The survival response

decreased with increasing salt concentrations. In case of

10 and 20 Gy irradiated cultures, plant regeneration was

observed up to 171.1 mM NaCl selection medium whereas

in 40 Gy irradiated calli, regeneration was observed only

upon 85.6 mM NaCl selection. Cell viability decreased

and higher levels of osmolytes like free proline and glycine

betaine were found to be accumulated in stressed calli as

compared to control. Higher electrolyte leakage (2.8 times

over control) was observed under salt stress, and leached

out Na+ and K+ was much more than that of retained in

tissue in both adapted and unadapted callus cultures. The

results indicated that physiological and biochemical

attributes are critical in alleviating salt stress effects and in

improving salt tolerance in sugarcane.

Gamma irradiated, embryogenic calli of commercial

sugarcane cultivars (CoC-671, Co 86032 and Co 94012)

were raised in 2004-2005 and 7500 regenerated plants

were hardened for field planting. Field trials of the plants

were conducted at the Sugarcane Research Station, Dr.

Panjabrao Deshmukh Krishi Vidyapeeth, Akola, India over

a period of four years (2007-2011), and elsewhere in

Maharashtra. About 900 mutant  clones  were then

selected in 2007 on the basis of quality and phenotype. A

wide range of agronomically desirable mutations was

observed for characters like morphological, quality and

yield contributing etc [12]. The spectrum of mutations

was broader in Co 94012 for morphological characters

whereas, cultivar Co 86032 exhibited wider range of

mutations for quality and yield characters. Range of

mutations obtained for cane yield attributing characters

was 0.09 to 0.38 % for different doses of gamma rays

and cultivars. In case of yield attributing characters,

maximum mutations obtained for cane weight per plant

(0.023 %) followed by cane diameter and cane height.

The desirable mutants are now being evaluated in rod-

row trials for genetic stability. Twenty one sugarcane

mutant clones were found to be promising for agronomic

and biochemical characters and, those mutant clones that

vary from their parents are being looked into for registration

under PPV & FR Act. The research emphasis is on mutant

characterization using molecular markers and

transcriptomic studies, creation of mutant collections for

germplasm enhancement (biotic stress tolerance) and

identification of genes for stress tolerance and sugar-related

traits. Presently efforts are being made to characterize

and evaluate these clones under advance varietal trials

and to test for biotic stress resistance for exploiting these

promising clones.

The isolation and deployment of mutations can be

augmented through a strategic use of cell and tissue

culture techniques in vegetatively propagated and other

crops while molecular biological tools can help in the

rapid genotyping of the mutational events. In recent

years, there have been technological developments in the

induction, screening and utilization of mutated genes in

crop plants. By employing the genomic information and

genomic-related technologies, approaches can be made

for mutagenic treatments to significantly enhance the

mutation frequency. Continued research in mutation

induction and screening will enable researchers to harness

the potential of ‘genetic variation’ in crop improvement.
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Abstract

Bhabha Atomic Research Centre (BARC) is developing proton, deuterium and heavy ion accelerators for its own scientific

program. These accelerators require radio frequency (RF) power for their beam acceleration. So, a number of  high

power RF systems at  various frequencies and power levels are being developed for this purpose & are explained below.

For RF ion source of 14 MeV neutron generator, a solid state rf amplifier has been developed and integrated with ion

source to generate deuterium plasma. For heavy ion RFQ, a 1 kW, 76.58 MHz RF system has been designed, developed

and successfully integrated with it.

As a part of accelerator driven sub-critical system (ADS), a low energy high intensity proton accelerator (LEHIPA) (20

MeV, 30 mA) is under development. It needs a total of around 2.4 MW of RF power at 352.21 MHz. So, three klystron

based RF systems will be developed to fulfil this requirement. Simultaneously, a 400 KeV, deuterium based radio

frequency quadrupole (RFQ) accelerator is being developed, which needs around 68 kW of RF power at 350 MHz. So

two tetrode based RF systems are under development for this. First RF system has been tested up to 56.6 kW in CW

mode and up to 48 kW in pulse mode. Second RF system has been tested up to 40 kW in CW mode and up to 38 kW

in pulse mode.

As a technology development under XI and XII plan program, high power solid state rf amplifier development at

350 MHz and 325 MHz has also been taken up. This paper gives an overview of details and current status of these

different high power rf systems.

IntroductionIntroductionIntroductionIntroductionIntroduction

AcceleratorsAcceleratorsAcceleratorsAcceleratorsAccelerators

Accelerators were invented to provide energetic particles

to investigate the structure of the atomic nucleus. They

speed up and increase the energy of a beam of particles

by generating electric fields that accelerate the particles

and magnetic fields that steer and focus them. The main

components of an accelerator are:

Radiofrequency (RF) cavities and electric fields: These

provide acceleration to a beam of particles. RF cavities

are located intermittently along the beam pipe. Each time

a beam passes the electric field in an RF cavity, some of

the energy from the radio wave is transferred to the

particles.

Vacuum chamber: This chamber maintains ultra high

vacuum inside the RF cavities. Inside the beam pipe, a

beam of particles travels. It is kept at an ultrahigh vacuum
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to minimize the amount of gas present to avoid collisions

between gas molecules and the particles in the beam.

Magnets: Various types of magnets are used to serve

different functions. Dipole magnets are usually used to

bend the path of a beam of particles that would otherwise

travel in a straight line. The particle with more energy

needs more magnetic field to bend its path. Quadrupole

magnets are used to focus a beam, gathering all the

particles closer together.

RF power for acceleratorsRF power for acceleratorsRF power for acceleratorsRF power for acceleratorsRF power for accelerators

An RF accelerator uses electromagnetic fields to propel

charged particles to high speeds and to contain them in

well-defined beams. All particle accelerators with energies

greater than or equal to 20 MeV require high-power radio-

frequency (r.f.) sources / systems. These sources must

normally be amplifiers in order to achieve sufficient

frequency and phase stability. The frequencies employed

range from about 50 MHz to 30 GHz or higher. Power

requirements range from 10 kW to 2 MW or more for

continuous sources and up to 150 MW for pulsed sources.

The power amplifier converts direct current (D.C.) input

power into r.f. output power whose amplitude and phase

is determined by the low-level r.f. input power. The r.f.

amplifier extracts power from high-charge, low-energy

electron bunches. The transmission components (couplers,

windows, circulators etc.) convey the r.f. power from the

source to the accelerator.  The accelerating structures use

the r.f. power to accelerate low-charge bunches to high

energies. Thus the complete r.f. system can be seen as an

energy transformer which takes energy from high-charge,

low-energy electron bunches and conveys it to low-

charge, high-energy bunches of charged particles. When

sufficient power cannot be obtained from a single

amplifier, then the output from several amplifiers may be

combined. In some other cases, power is supplied to a

number of accelerating cavities from one amplifier.

RF power sources / systemsRF power sources / systemsRF power sources / systemsRF power sources / systemsRF power sources / systems

For an overall optimised system design of an RF     power

system (inclusive of its cost factor), the fundamental RF

criteria’s are; RF power range, wall plug efficiency, reliability

and maximum voltage standing wave ratio (VSWR) that it

can withstand. Other important criterias are operating

frequency, bias parameters (which consume maximum

energy), RF transmission line design and gain of final power

stage. RF sources can be designed and classified in terms

of their class of operation, configuration of the power

source and overall system power gain. The choice of RF

power device depends upon a range of parameters like

high reliability, size, long life, easy replacibilty, possibility

of modulation and proven feasibility. Using such criterias,

we have developed some high power RF systems which

are described in detail in this paper.

KLKLKLKLKLYSTRON BASED RF SYSTEM (1 MW AYSTRON BASED RF SYSTEM (1 MW AYSTRON BASED RF SYSTEM (1 MW AYSTRON BASED RF SYSTEM (1 MW AYSTRON BASED RF SYSTEM (1 MW AT 352T 352T 352T 352T 352

MHZ) FOR LEHIPMHZ) FOR LEHIPMHZ) FOR LEHIPMHZ) FOR LEHIPMHZ) FOR LEHIPA (FA (FA (FA (FA (For ADS)or ADS)or ADS)or ADS)or ADS)

As a part of accelerator driven sub-critical system (ADS)

program 1 LEHIPA is being developed  As per the

accelerator physics design, RF power requirement for RFQ

is  about 530 kW of radio frequency (RF) power and for

10 MeV and 20 MeV DTL  around 900 kW each. Each

accelerating cavity will be driven by a one- megawatt

(CW) klystron based RF system at 352.21 MHz.

The RF system [2] has been designed around five cavity

klystron tube TH2089F, (Thales make) capable of delivering

1 MW continuous wave power at 352.21 MHz. Each RF

system comprises of a low power driver, klystron tube,

associated HV and LV bias supplies, harmonic filter,

directional coupler, Y-junction circulator and WR2300 wave

guide based RF transmission line. It includes other

subsystems like interlock and protection circuits, dedicated

low conductivity water-cooling, pulsing circuitry /

mechanisms, special mechanical support structures and

special RF grounding. This proton accelerator will be

operated initially in pulsed mode and then will be gradually

switched to continuous (CW) mode. The required pulse

parameters are, Pulse repetition rate (PRR) (Hz): 1, 10,

100 and Pulse width (PW): 20 microseconds. Hence, the

RF system is being designed to operate in above-

mentioned both modes. The performance and reliability

of klystron depends on performance of the power supplies

connected to it, specially its DC bias supplies. So the

essential features like tight voltage regulation, low ripple

voltage, better voltage stability, low stored energy and

high efficiency are included in all the bias supplies. The

installation of RF system will start soon.
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TETRODE BASED RF SYSTEM (60 KW AT 350TETRODE BASED RF SYSTEM (60 KW AT 350TETRODE BASED RF SYSTEM (60 KW AT 350TETRODE BASED RF SYSTEM (60 KW AT 350TETRODE BASED RF SYSTEM (60 KW AT 350

MHZ) FOR 400 KEV RFQMHZ) FOR 400 KEV RFQMHZ) FOR 400 KEV RFQMHZ) FOR 400 KEV RFQMHZ) FOR 400 KEV RFQ

A 400 KeV deuterium based RFQ is being developed to

study neutronics behaviour and RF coupling to accelerator

before going for ADS.

high power RF devices by a suitable PLC based interlock

and protection circuit. This RF system is operating in class

AB and grounded cathode configuration.  The RF system

- set up-I, has been tested up to 40 kW CW output power

with efficiency 60% and gain 15 dB. The amplifier was

also tested in pulse mode up to 38 kW with 20 %, 10 %,

5% and 1 % duty cycle. The RF system set up -II has been

tested in CW mode up to 56.6 kW (figure 2) with

efficiency 65% and gain 14.8 dB and in pulse mode up

to 48 kW with 20%, 10 %, 5% and 1 % duty power gain.

This RF system will be coupled to 400 KeV RFQ.

PENTODE BASED RF SYSTEM (76.58 MHZ, 1 KW)PENTODE BASED RF SYSTEM (76.58 MHZ, 1 KW)PENTODE BASED RF SYSTEM (76.58 MHZ, 1 KW)PENTODE BASED RF SYSTEM (76.58 MHZ, 1 KW)PENTODE BASED RF SYSTEM (76.58 MHZ, 1 KW)

FOR HEAVY ION RFQFOR HEAVY ION RFQFOR HEAVY ION RFQFOR HEAVY ION RFQFOR HEAVY ION RFQ

A heavy ion RFQ  is being developed by NPD at TIFR. The

RF system (figure 3) has been developed for testing the

prototype heavy ion RFQ. Because of non availability of

circulator at this frequency and power range, a pentode

(5CX 1500) based power stage has been designed and

developed. Its solid state driver (200 watt) comprises of

pre driver and final stage is based on MRF 141G. The

entire RF amplifier [4] has been tested up to 1008 Watt

with 51.7 % efficiency and 63dB overall system power

gain. One more identical solid state driver has been

developed and coupled with prototype RFQ (without

vacuum). In the coupled stage, it has achieved 0.4 W of

reflected power and 80 W of forward power.  Recently,

the 1 kW RF system has been coupled successfully with

the RFQ and reflection achieved is less than 10 %.

Fig.1: Photograph of  350 MHz RF system

Fig.2: RF power Waveform

This RFQ requires around 68 kW of RF power. Hence, two

RF power amplifiers 3 are developed to feed the RF power

to this RFQ at two ports. Each RF system (figure 1)

comprises of a high power tetrode TH 571B, its driver

amplifier (TH 393), dual directional couplers, rigid coaxial

transmission line (6 1/8", 50 ohm), other bias supplies,

air and water cooling set up. All the bias supplies, RF

driver and cooling circuits are being switched ON/OFF in

a predefined time sequence to prevent damage to the Fig.3: Photograph of 1 kW, 76.58 MHz RF system
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SOLID STATE RF SOURCE (100 MHz, 256 W) FORSOLID STATE RF SOURCE (100 MHz, 256 W) FORSOLID STATE RF SOURCE (100 MHz, 256 W) FORSOLID STATE RF SOURCE (100 MHz, 256 W) FORSOLID STATE RF SOURCE (100 MHz, 256 W) FOR

NEUTRON GENERATORNEUTRON GENERATORNEUTRON GENERATORNEUTRON GENERATORNEUTRON GENERATOR

14 MeV neutron generator uses a RF coupled ion source

for deuterium plasma generation.

HIGH POWER SOLID-STATE RF AMPLIFIERHIGH POWER SOLID-STATE RF AMPLIFIERHIGH POWER SOLID-STATE RF AMPLIFIERHIGH POWER SOLID-STATE RF AMPLIFIERHIGH POWER SOLID-STATE RF AMPLIFIER

As a technology development under departmental plan

programs, high power solid RF amplifier at 352.21 and

325 MHz are being developed. The overall configuration

of amplifier includes basic 300 watt or 1000w modules

based on LDMOSFET or VDMOSFET, a no. of power

splitters / combiners with different configurations

depending upon various power stages, compact DC

supplies and an interlock and protection circuit. Initially

an attempt has been made to combine eight such modules

and has been tested at a total of 2100 watt power level.

Another approach based on single 1000 watt RF device, a 1

kW RF amplifier module has been developed. This is being

further combined together to generate higher RF power.

RF GENERATOR 2 kW AT 27.12 MHZ FOR ICP-RF GENERATOR 2 kW AT 27.12 MHZ FOR ICP-RF GENERATOR 2 kW AT 27.12 MHZ FOR ICP-RF GENERATOR 2 kW AT 27.12 MHZ FOR ICP-RF GENERATOR 2 kW AT 27.12 MHZ FOR ICP-

MSMSMSMSMS

A number of RF generators have been developed for

inductively coupled plasma based mass spectrometers for

various DAE units like RMP, Mysore, HWP, Manuguru,

BARC etc. This RF generator (Fig. 6) is capable of delivering

2000 Watt at 27.12 MHz to argon gas to produce its

plasma at atmospheric pressure. The RF generator [6]  has

20 dB gain and 78 % efficiency.

Fig. 4:  100 MHz RF source

Fig.5: RF source with deuterium plasma

For this purpose, a solid state RF source (Fig. 4) operating

at 100 MHz has been developed. It is capacitively coupled

[5] with the ion source to generate deuterium plasma

(Fig. 5). The D + beam current of the order of 170

microampere is extracted from this and impinges upon a

Tritium target which in turn generates 14 MeV neutrons

from DT reaction. This RF source consists of an oscillator,

a driver (18 Watt) designed around transistor BEL S 12-

28, a power amplifier based on MOSFET MRF 141G biased

in class ‘C’, input / output matching networks, a circulator

and biasing techniques. This RF source has achieved an

overall efficiency of 63.5 % and   13.7 dB of power gain.
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Abstract

The Coolant Channels of PHWRs is sealed at both the ends using sealing plugs. Sometimes situation arise in which

sealing plug starts leaking due to some damage on closure seal face of coolant channel. The problem is rectified by

lapping of the seal face. To approach the closure seal face for lapping, scheme was developed for 220 MWe PHWR in

which a Fuelling Machine (FM) based Channel Isolation Plug (CHIP) is installed in coolant channel by FM to seal the

coolant channel. However this design requires manual removal of some components of CHIP after installing in coolant

channel. The components are again reassembled after completion of the repair operation. As the manual operation

results into considerable radiation exposure and also chances are there for human error which can result into malfunctioning

of the CHIP. To address this problem, a new concept of CHIP is developed for 540 MWe PHWR which is operated by FM

and completely eliminates the manual operation on the CHIP before approaching the closure seal face. Design,

manufacturing and testing of the CHIP is completed successfully at FM test facility, Hall-7, BARC and also in CMF

facility, TAPS 3&4. The CHIP has been handed over to NPCIL for reactor use. This paper highlights the design aspects

and operation of the 540 MWe Channel Isolation Plug.

IntroductionIntroductionIntroductionIntroductionIntroduction

540 MWe PHWR is a horizontal pressure tube type reactor

having 392 Nos. of coolant channels. Each channel

consists of one seal plug at each end of the channel. The

sealing plug is a pressure boundary component which

seals the coolant channel using a metallic face seal (seal

disc) which butts against a closure seal face provided on

end fittings of the coolant channels (Fig. 1).  Closure seal

face is a stepped diameter provided in the end fitting.

During refuelling, seal plugs at each end of channel are

removed by FMs and are again installed after completion

of refuelling. Effectiveness of proper sealing by seal plugs

is checked by FMs before unclamping.

Sometimes it is observed that some foreign material get

trapped between sealing plug seal disc & closure seal face

which results in damage of closure seal face. This damage

may cause leakage through seal plug. To rectify this

problem, closure seal face is approached for lapping

operation during planned shut down and a thin layer of

material from closure seal face is removed.

Making this surface approachable for lapping tool without

draining and drying of coolant channel, a FM operated

Channel Isolation Plug (CHIP) is developed. The CHIP

along with its delivery adaptor is first loaded in the FM.

The FM is then clamped to leaky coolant channel andFig.1: Schematic of sealing plug in coolant channel
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installs the CHIP in the coolant channel with the help of

Delivery Adaptor (DA) after removing the sealing plug &

shielding plug from the channel. In installed condition,

the ‘O’ ring provided on CHIP sits onto the small clear

area in End Fitting available just after the closure seal face

before the liner tube. After confirming the leak tightness

of CHIP, the FM is then unclamped from the channel.

This operation makes the closure seal face accessible for

lapping operation to get it repaired.

BackgroundBackgroundBackgroundBackgroundBackground

Approaching the closure seal face for repair without CHIP

is a difficult task. This requires isolation of channel from

the particular feeder which involves shut down of reactor,

defueling of coolant channel, formation of ice plug in the

feeder and draining & drying of the coolant channel. This

entire operation required lot of shut down time and man

rem expenditure. Initially some concepts were used by

RAPS / MAPS for 220 MWe PHWR but these could not be

used to its full extent due to non availability of safety

features in these concepts. Subsequently a new concept

of FM operated CHIP was developed by Refuelling

Technology Division for 220 MWe PHWR with adequate

safety features to isolate the channel without draining

and drying of coolant channel. This tool is being extensively

used in 220 MWe PHWRs however this tool requires

manual removal of some of its component before

approaching to closure seal face. These components are

again need to be manually reassembled after completion

of the lapping operation. This manual operation results in

extra man rem consumption, also the manual operation

always has possibility of human error. The new concept

of CHIP developed for 540 MWe PHWR completely

automate its operation using FM and this concept enables

immediate approach to closure seal face after its installation

in coolant channel.

Design requirements / features:Design requirements / features:Design requirements / features:Design requirements / features:Design requirements / features:

1. Sealing of coolant channel pressure boundary in cold

shutdown condition without blocking the flow path.

2. Availability of adequate clear space to repair closure

seal face after installing the CHIP.

3. Compatibility with FM for its operation.

4. Safety features to avoid unintended detachment of

the CHIP from coolant channel.

5. Elimination of all the manual operation to install /

uninstall the CHIP.

Description and operation:Description and operation:Description and operation:Description and operation:Description and operation:

As described earlier, CHIP is installed and removed from

the channel with the help of Delivery Adaptor (DA). Both

the subassemblies are kept joined with each other outside

the channel with the help of manual plug operation tool.

The CHIP and DA when attached to each other is called

Integrated CHIP. The details of CHIP and Delivery Adaptor

are shown below in Fig.2.

Before starting the closure seal face seal repair campaign,

the Integrated CHIP is installed manually in the FM. To

install the CHIP in channel, the Integrated CHIP is picked

from the FM magazine using FM rams and advanced into

the channel. After installing the integrated CHIP in the

coolant channel, the DA is separated from the CHIP and

stored in magazine. The detachment of DA from CHIP

provide a clear space to access the damaged closure seal

face for repair immediately after unclamping of FM. After

completing the repair operation, the FM is again clamped

Fig.2: Sketch of CHIP and Delivery Adaptor
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onto the channel, DA is picked by FM rams and advance

to attach with CHIP. The Integrated CHIP is then removed

from the channel and taken into the FM. Sketch of CHIP

after installing in end fitting is shown (Fig.3).

The movement of latch pusher of DA (using FM latch

ram)  is used to perform different functions of CHIP during

the operation. Total 50 mm movement of latch ram is

required for complete CHIP operation. Five different

positions of latch ram are defined for different operations

like Picking of CHIP in FM, locking of CHIP & DA, unlocking

of CHIP & DA, installing CHIP in Channel and Releasing

CHIP in FM.

PPPPPerformance Terformance Terformance Terformance Terformance Testingestingestingestingesting

After completing the manufacturing (Fig. 4), detail fuel

handling operating procedure along with prerequisites were

finalized to take up the tasting activity. As the CHIP will

be used in reactor shutdown condition, pressure testing

was done at 10 kg/cm2 water pressure and all the critical

parameters were checked.

The CHIP was tested in simulated shut down condition at

FM test facility Hall-7. After taking necessary safety

clearances, the CHIP was also tested successfully at

Calibration & Maintenance Facility (CMF), TAPS 3&4 using

FM. The CHIP is handed over to TAPS 3&4 for reactor

used.

ConclusionConclusionConclusionConclusionConclusion

In operating PHWRs, sometimes need arises to repair the

closure seal face of coolant channel assembly. It is required

to defuel, drain & dry the coolant channel for the repair

of closure seal face.  This consumes considerable time &

man ram. To facilitate closure seal face repair in water

filled condition, a FM operated channel Isolation Plug

(CHIP) has been developed for PHWRs and being used in

220 MWe PHWRs. A new concept has been developed

for 540 MWe, which has various improved features over

220MWe CHIP. The 540 MWe CHIP eliminates all the

manual operation before approaching damaged closure

seal face for repair. Design, development and testing of

540 MWe CHIP completed successfully and handed over

to NPCIL.

Fig.3: Channel Isolation Plug after installing in coolant channel

Fig.4: Photograph of Channel Isolation Plug & Delivery
Adaptor
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Abstract

Borides are candidate materials for control rod applications in nuclear reactors. In this programme, processing scheme

was developed for synthesis and consolidation of borides. Pure powders of ZrB2, HfB2, CrB2, EuB6, LaB6 and NdB6 were

successfully prepared.  Densification studies were carried out by using hot pressing technique.  Hot pressing temperature

and pressure were lowered by using suitable additives such as silicides. Effect of sinter additives on mechanical properties

and oxidation resistance were studied.

Keywords: borides, synthesis, densification, fracture toughness, oxidation resistance

IntroductionsIntroductionsIntroductionsIntroductionsIntroductions

Borides of refractory and rare earth metals are potential

materials for neutron absorber applications in nuclear

reactor. Neutron absorbing behavior is attributed to high

neutron absorption cross section of 10B isotope (3800 barn).

Natural boron contains 19.8% 10B which could be enriched

to higher values. Besides high neutron absorption cross

section, borides also have high melting point, good thermal

conductivity, low thermal expansion coefficient, good

thermal shock resistance, high temperature strength and

stability in extreme environment.

ZrB2 and HfB2 have superior high temperature properties

and thus can be utilized in high temperature reactors.

CrB2 forms solid solution with other borides and can be

used as additive for improving densification and properties

of other borides. Rare earth borides such as EuB6,

NdB6 and LaB6 are excellent control materials due to high

neutron absorption cross section of rare earth elements.

EuB6 with enriched boron would be the best neutron

absorber material for fast neutrons.  Although these

borides are known to have good potential, their actual

applications are still very limited due to processing

difficulties. Due to very high melting point and high

brittleness these materials can be processed only by

powder metallurgy route.

In this programme, studies were carried out on synthesis,

densification, mechanical property evolution and oxidation

of different boride materials which include ZrB2, HfB2,

CrB2, EuB6, LaB6 and NdB6 materials. Effect of sinter additives

on processing, properties and microstructure were

investigated. Present paper gives only highlights of the

programme. More details are available in published

articles.[1-6]

Powder synthesis:Powder synthesis:Powder synthesis:Powder synthesis:Powder synthesis:

Boride powders were synthesized by boron carbide

reduction of metal oxides in vacuum according to reaction

(1)  (2) and (3).
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dense monolithic borides are higher than

20 GPa (23.9 GPa for ZrB2).  Silicide

additions decreases the hardness due to

their relatively lower hardness compared

to borides. Hexaboride addition improves the hardness

by formation of solid solution.

Fracture toughness values of dense monolithic borides

are in the range of 3-4 MPa.m1/2.  Composite materials

with sinter additives have shown higher values of fracture

toughness compared to monolithic borides. Fig.1 presents

the crack propagation behavior in boride-silicide composite.

Crack deflection was observed which explains the higher

fracture toughness.

Effect of temperature and charge composition on product

obtained were studied. The optimized synthesis conditions

to obtain pure boride powders are presented in Table (1).

In the case of CrB2 and ZrB2, the charge was modified to

obtain single phase diboride. Stoichiometric charge results

in the formation of boron deficient phases (ZrB, Cr3B4)

due to loss of boron in the form of its oxides.  To

compensate the loss, excess boron is added in the charge

and carbon is accordingly reduced.. Though reaction starts

at lower temperature, pure boride powder with low oxygen

content is obtained only at high temperature.

MO2 + 1/2B4C +3/2C  MB2 + 2CO……[M= Zr, Hf]………………..(1)

M2O3 + B4C + 2C  2MB2 + 3CO…...….[M=Cr]……………..….....(2)

M2O3 + 3B4C  2MB6 + 3CO ………..…[M= La, Eu, Nd]……........(3)

Table 1: Optimized synthesis conditions and charge
composition for preparation of pure borides (holding
time: 2 hour, Vacuum: 1x10-5 torr)

BorideBorideBorideBorideBoride Molar ratio of reactantsMolar ratio of reactantsMolar ratio of reactantsMolar ratio of reactantsMolar ratio of reactants TTTTTemperatureemperatureemperatureemperatureemperature

HfB2 HfO2 : B4C : C = 2:1:3 1875 oC

ZrB2 ZrO2 : B4C : C = 2:1.1:2.7 1875 oC

CrB2 Cr2O3 : B4C : C = 1:1.2:1.21 1700 oC

EuB6 Eu2O3 : B4C = 1:3 1400 oC

LaB6 La2O3 : B4C =1:3 1500 oC

NdB6 Nd2O3 : B4C =1:3 1500 oC

Densification of borides:Densification of borides:Densification of borides:Densification of borides:Densification of borides:

Studies were carried out on densification of borides by

vacuum hot pressing. Effect of sinter additives such as

TiSi2 and CrSi2 on densification and properties were

investigated. Results of densification studies alongwith

some of the properties of the densified products are

summarized in Table 2.  Densification of monolithic ZrB2

requires a temperature of 1850 oC. For HfB2 only 80%

density is obtained even at 1850 oC.  High temperature

required for densification of monolithic borides is due to

the poor sinterability of powder. Borides are predominantly

covalently bonded and hence self diffusivity is low. Silicide

addition brings down the hot pressing temperature by

liquid phase sintering. EuB6 or NdB6 addition also brings

down hot pressing temperature by formation of solid

solution. From Table-2 it can be noted that hardness of

Fig.1: Crack propagation pattern in HfB2+5%TiSi2

Oxidation studyOxidation studyOxidation studyOxidation studyOxidation study

Borides are susceptible to oxidation at high temperature

and so investigation was carried out on oxidation behavior

of these materials. Isothermal oxidation was carried out

at 900 oC in air for 64 hours. It was found that TiSi2 and

CrSi2 addition improved oxidation resistance by formation

of borosilicate based glassy layer which protect from further

oxidation.  Fig. 2 presents the effect of additives on

oxidation behavior of ZrB2 material. Addition of rare earth

borides was also found effective in improving the oxidation

resistance.

ConclusionConclusionConclusionConclusionConclusion

Technology was developed for synthesis of pure boride

powders. Different borides (ZrB2, HfB2, CrB2, EuB6, LaB6
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and NdB6) were prepared in 100 gm scales. Dense shapes

of borides were prepared and characterized. Effect of sinter

additives on densification and some of the properties were

investigated.
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Abstract

Material properties of Zr 2.5 wt% Nb pressure tube undergo change during service due to environmental conditions.

Measurement of mechanical properties of the pressure tubes is important for assessing their fitness for service. As it is

not possible to remove sizable samples from an operating pressure tube for doing the measurement in laboratory, insitu

technique for measurement of mechanical properties has great significance. Hence an Insitu Property Measurement

System (IProMS) based on cyclic ball indentation technique has been designed and developed in house. For qualification

of IProMS a number of experimental trials have been carried out. One of the most important tests was to carry out

IProMS trials inside spool pieces of Zr 2.5 wt% Nb pressure tube having different mechanical properties. This paper

highlights the basic theory of measurement, qualification tests carried out using IProMS inside pressure tube spool

pieces with different mechanical properties and the results obtained.

Keywords:Keywords:Keywords:Keywords:Keywords: In-situ, mechanical properties, ball indentation, pressure tube

IntroductionIntroductionIntroductionIntroductionIntroduction

Material properties of Zr 2.5 wt% Nb pressure tube

undergo gradual change during service due to severe

environmental conditions. In order to assess the fitness of

the component for continued operation, it is necessary to

estimate its mechanical properties. Insitu measurement

of the properties is the only option available in this

situation. Hence an Insitu Property Measurement System

(IProMS) based on cyclic ball indentation technique has

been designed and developed in house. For qualification

of IProMS extensive experimental trials have been carried

out on several materials with known mechanical properties

[1, 2, 3]. As per the design intent it was mandatory to

conduct experimental trials inside Zr 2.5 wt% Nb pressure

tube. Hence pressure tube spool pieces with different

mechanical properties have been developed through heat

treatment and tested subsequently using conventional test

method and IProMS for its qualification.

Ball Indentation TBall Indentation TBall Indentation TBall Indentation TBall Indentation Techniqueechniqueechniqueechniqueechnique

Cyclic ball indentation involves multiple indentation cycles

(at the same penetration location) on a metallic surface

by a spherical indenter. Each cycle consists of indentation,

partial unload and reload sequences. The load and

corresponding deformation are recorded during the test.

Post-processing of the data recorded gives an estimate of

the yield strength, ultimate tensile strength (UTS), strain

hardening exponent and Brinell hardness of the material.

The parameters involved in ball indentation technique are

shown in Fig. 1.
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Estimation of mechanical propertiesEstimation of mechanical propertiesEstimation of mechanical propertiesEstimation of mechanical propertiesEstimation of mechanical properties

The methodology used for estimation of mechanical

properties from ball indentation test, is described in ref.

[4, 5]. From the data recorded during the test, values of

peak load, total depth of indentation and plastic depth of

indentation, corresponding to each unload cycle are used

to estimate the mechanical properties.

Description of IProMSDescription of IProMSDescription of IProMSDescription of IProMSDescription of IProMS

IProMS, which is remotely operable, consists of a tool

head (Fig. 2), Data acquisition system, Display system

and Control system. Indentation is carried out using a 1.5

mm diameter tungsten carbide ball and load is applied

using a pressurising device. Depth of indentation is

measured using a LVDT (Linear Variable Differential

Transducer) and pressure is monitored using a pressure

switch. Load and depth of indentation (deformation) data

during the experiment is recorded in a computer and

analysed later to estimate the mechanical properties.

Qualification trials using IProMSQualification trials using IProMSQualification trials using IProMSQualification trials using IProMSQualification trials using IProMS

For qualification of IProMS, pressure tube spool pieces

having different mechanical properties have been prepared

by heating them to different temperatures and time periods

in a vacuum furnace as given in Table1. After heating, the

spool pieces were cooled inside the vacuum furnace itself.

Tensile specimens have been prepared from these spool

pieces and the mechanical properties have been measured

by conventional tests. A plot of load vs. extension up to

failure in conventional tests is shown in Fig.3. IProMS trials

have been conducted in the spool pieces and load-

deformation curves acquired from the tests for five different

material IDs are shown in Figs. 4-5. The results of IProMS

trials have been compared with those from conventional

tests and the same are presented in Figs. 6-9.

Fig. 1: Illustration of parameters of ball indentation
geometry

Fig. 2: IProMS tool head
Fig. 3: Load vs. extension up to failure of heat treated
Zr 2.5 wt% Nb materials

Table1: Details of heat treatment carried out on
Zr 2.5 wt% Nb pressure tube spool pieces for
IProMS trials

Material ID Heat treatment condition

1 As received (No heat treatment)

2 Heat treated at 550 oC for 6 Hrs.

3 Heat treated at 625 oC for 4 Hrs.

4 Heat treated at 700 oC for 2 Hrs.

5 Heat treated at 800 oC for 0.5 Hrs.
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Fig. 4: IProMS load vs. indentation depth plot of
different heat treated Zr 2.5 wt% Nb materials

Fig. 5: IProMS tool head being inserted inside a heat
treated spool piece of pressure tube

Fig. 6: Comparison of true stress vs. true plastic strain
between conventional and IProMS estimation

Fig. 7: Comparison between conventionally measured
and IProMS estimated yield strength

Fig. 8: Comparison between conventionally measured
and IProMS estimated UTS

Fig. 9: IProMS estimated BHN vs. conventionally
measured UTS



BARC Newsletter Founder’s Day Special Issue

118October 2012

ConclusionConclusionConclusionConclusionConclusion

A number of qualification trials have been carried out

using in-house developed IProMS inside spool pieces of

Zr 2.5 wt% Nb pressure tube having different mechanical

properties. Tests carried out using IProMS are highly

repeatable and the difference between the mechanical

properties estimated using IProMS and conventional tensile

tests is about ±10%. It is also observed that IProMS can

be used to estimate the mechanical properties of pressure

tube material with different mechanical properties using

same material specific constants. Hence the system is

capable to capture the variation in mechanical properties

of the same material due to service induced conditions.
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NomenclatureNomenclatureNomenclatureNomenclatureNomenclature

dt - Total indentation diameter during loading,

ht - Total depth of indentation during loading,

dp - Plastic indentation diameter after unloading,

hp - Plastic indentation depth after unloading,

D - Ball diameter,

he  - Elastic component of indentation depth
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Abstract

Deterministic safety analysis is an important tool for confirming the adequacy and efficiency of provisions within the

defence in depth concept for the safety of nuclear power plants. For safety evaluation, design capabilities of a nuclear

plant are assessed for different level of defence in depth, which includes operating transients, design basis events, and

beyond design basis events including severe accidents. In the beginning, conservative approach was used to assess the

different accident scenarios and output was compared with set of acceptance criteria to assure plant safety. In this

approach, conservatism in the code models as well as boundary and initial conditions were used to envelop all uncertainties

associated with calculation. With advent of knowledge, now best estimate code are used to assess the plant safety.

These Best Estimate (BE) analyses are supported by uncertainty analysis to take into account all uncertainties associated

with the calculation. In the present paper, different levels of defence in depth approach are addressed along with

uncertainty estimate for LOCA scenario for different Indian NPPs.

IntroductionIntroductionIntroductionIntroductionIntroduction

Nuclear Power Plant (NPP) performance evaluation during

off-normal conditions has been the main issue of safety

research in the thermal-hydraulic area since beginning.

Several Design Basis Events (DBEs) are analyzed in order

to ensure the effectiveness of the engineered safety

features and to satisfy the regulatory requirement of the

proposed plant design.

The thermal hydraulic analysis for different Indian reactors

such as Advanced Heavy Water Reactor (AHWR),

Pressurised Heavy Water Reactor (PHWR) and VVER-1000

are presented in this paper highlighting the use of best

estimate codes primarily RELAP5 and also CATHARE. The

paper also highlights the uncertainty estimate for LBLOCA

for these reactors. The paper discusses the application of

Fig. 1: Identification of critical break for AHWR
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integrated MHT-Turbine-condenser model for AHWR. The

paper further highlights the severe accident analysis done

for TAPS-1 & 2 BWR type reactors. This analysis shows

the response of the reactor during extended SBO scenario.

AHWR Safety AnalysisAHWR Safety AnalysisAHWR Safety AnalysisAHWR Safety AnalysisAHWR Safety Analysis

An input model of AHWR in RELAP5 has been developed

[1], which has been used for the safety analysis work of

AHWR. Number of transients under different categories
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Fig. 2: Performance of IC under Station blackout for AHWR
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Fig. 3: Performance of PPIS under wired shutdown system failure for AHWR
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have been analysed and results of analyses are compared

with acceptance criteria.

Important contribution in AHWR safety analyses are

identification of critical break, performance evaluation of

Isolation Condenser (IC) under station blackout,

performance of Passive Poison Injection System (PPIS) in

reactor shutdown under external threat situation, adequacy

of safety –relief valve to limit the system pressure under

station blackout without IC and analysis of LORA with

Fig. 4: Performance of SRV during SBO without IC for AHWR
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failure of wired shutdown system. The results are given in

Fig. 1-5.

Uncertainty analysis has been carried out for the 200%

break in inlet header for AHWR using RELAP5 [1]. Two

important techniques i.e. first based on 95/95 PCT

evaluations from Wilk’s theorem and second based on

response surface followed by Monte Carlo method to

evaluate the 95th percentile PCT. The result is shown in

Fig. 6.

An Integrated AHWR MHT + turbine-condenser model

has been developed in RELAP5. This model has been tested

for power manoeuvring from 100% to 85% and back to

100% transient as shown in Fig. 7. This model will be

used for ongoing plant analyser development work.

Safety Analysis for Indian PHWRSafety Analysis for Indian PHWRSafety Analysis for Indian PHWRSafety Analysis for Indian PHWRSafety Analysis for Indian PHWR

An input model has been developed for Indian PHWR in

RELAP5 [2]. Spectrum of break sizes ranging from 200%,

160%, 120%, 100%, 75%, 60%, 40% and 20% in four

combinations of inlet and outlet header break with and

without ECC system are analysed [2] to generate the time

variation of the 37 COIS variables for each case for training

and further testing of ANN to identify the break size, its

location etc. A typical result of one combination of different

break sizes at inlet header is shown in Fig. 8. The findings

of these analyses forms a database to train the neural

network based diagnostic tool useful for emergency

planning and management [3].

Fig. 5: LORA with failure of wired shutdown system for AHWR
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Fig. 6: Results of uncertainty analysis for Clad
Temperature for AHWR
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Fig. 9: Bounding Hot pin temperatures for PHWR LOCA
analysis

Best estimate plus uncertainty analysis for LBLOCA for

PHWR has been done.     In this critical break at inlet header

of PHWR has been first identified and uncertainty analysis

has been performed [4]. For 160% inlet header break for

PHWR, the 95th percentile PCT with 95% confidence is

1274 K. The upper, nominal and lower bound clad

temperatures are plotted in Fig. 9.

Cold Leg LOCA Assessment for VVER-1000 PlusCold Leg LOCA Assessment for VVER-1000 PlusCold Leg LOCA Assessment for VVER-1000 PlusCold Leg LOCA Assessment for VVER-1000 PlusCold Leg LOCA Assessment for VVER-1000 Plus

Uncertainty AnalysisUncertainty AnalysisUncertainty AnalysisUncertainty AnalysisUncertainty Analysis

A CATHARE model for the KK-VVER reactor simulating

different systems and components has been developed

and cold leg LOCA analysis has been carried out along

with uncertainty evaluation [5]. The main purpose of this

analysis is to have independent verification of predictions

with Russian results. The results of best estimate cold leg

break LOCA is shown in Fig. 10 and uncertainty analysis

findings are highlighted in Fig. 11.
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Fig. 10: Results of double-ended cold leg break of KK-VVER
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TAPS-BWR Station Blackout Analysis in RELAP5/TAPS-BWR Station Blackout Analysis in RELAP5/TAPS-BWR Station Blackout Analysis in RELAP5/TAPS-BWR Station Blackout Analysis in RELAP5/TAPS-BWR Station Blackout Analysis in RELAP5/

SCDAPSCDAPSCDAPSCDAPSCDAP

A detailed model of TAPS-1/2 NPP has been developed to

simulate extended Station Blackout (SBO) severe accident

analysis using RELAP-SCDAP code which highlights the

accident progression by initial core heat up, material

interaction, debris formation and heat transfer, slumping,

molten pool thermal hydraulics. This analysis is useful in

accident management and timely operator action. A typical

result is shown in Fig. 12.

ConclusionConclusionConclusionConclusionConclusion

The paper addressed the analyses highlighting the safety

aspects for different level of defence in depth for Indian

reactors. The use of best estimate code RELAP5 for

operating transients, DBEs for AHWR along with its

application for simulation of LBLOCA scenario for Indian

PHWR for development of diagnostic system is presented.

The use of CATHARE code is highlighted for the cold leg

LOCA analysis for VVER-1000. The TAPS-BWR SBO analysis

highlights the severe accident progression. The paper also

brings out the uncertainty estimate for LBLOCA scenarios

for these reactors.

Fig. 12: Fuel, shroud, RPV temperatures and Hydrogen generation during SBO for TAPS
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Abstract

Actinide partitioning has been a proposed strategy for the safe disposal of High Level Waste (HLW) generated during

reprocessing of the spent nuclear fuel. In this context, development of new extractants for actinide partitioning has been

one of the challenging areas of research for the radiochemists / separation chemists. Amongst different extractants

studied for actinide partitioning, N,N,N,N-tetraalkyl diglycolamides (DGA) have been found to be the most promising

[1,21,21,21,21,2]. At Radiochemistry Division, DGA extractants have been extensively studied for actinide partitioning up to mixer-

settler stage, and the results have been the most promising reported so far internationally. Extensive work has been

carried out on hollow fiber supported liquid membrane (HFSLM) technique for possible application to several separations

relevant at the back end of the nuclear fuel cycle. The separation of Am(III) from simulated HLW by HFSLM technique

has been demonstrated for the first time. A pilot scale run was carried out at 20 L scale for the actinide partitioning

using surrogates in simulated HLW solution. The HFSLM method was successfully demonstrated for lanthanide/actinide

separation using Cyanex-301 as the carrier. The HFSLM method was also demonstrated for the recovery of Cs(I) and

Sr(II) from Simulated HLW on litres scale using macrocyclic ligands. A highly efficient HFSLM method was developed

for the recovery of plutonium from analytical waste at a significantly lower personnel exposure and very high recovery

percentage and purity of the product.

Solvent Extraction StudiesSolvent Extraction StudiesSolvent Extraction StudiesSolvent Extraction StudiesSolvent Extraction Studies

Extensive actinide partitioning studies have been carried

out using extractants such as CMPO (octyl-(phenyl)–N,N-

diisobutylcarbamoyl methylene phosphine oxide), TRPO

(trialkyl phosphine oxide), DMDBTDMA (N,N’-dimethyl-

N,N’-dibutyl tetradecyl malonamide), TEHDGA

(N,N,N,N-tetra-2-ethylhexyl diglycolamide) and TODGA

(N,N,N,N-tetraoctyl diglycolamide) (Fig. 1). Batch

extraction and mixer-settler runs demonstrated with

simulated HLW suggested TODGA as the most promising

for actinide partitioning. With 0.1M TODGA, quantitative

extraction (forward and backward) of lanthanides was

observed in four stages, and the results were the most

promising reported so far internationally. Reusability of

the organic phase in five successive cycles suggested

excellent hydrolytic stability of the reagent. Negligible

effects of radiolytic degradation of solvent (100 kGy) were

observed on the extraction as well as on the stripping of

lanthanides.

Fig. 1: Extraction behavior of Am(III) by different
extractants
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Actinide Partitioning Studies with Hollow FibreActinide Partitioning Studies with Hollow FibreActinide Partitioning Studies with Hollow FibreActinide Partitioning Studies with Hollow FibreActinide Partitioning Studies with Hollow Fibre

MembraneMembraneMembraneMembraneMembrane

The transport of trivalent actinides by hollow fibre

supported liquid membrane (HFSLM) was measured using

different extractants proposed for actinide partitioning,

viz. CMPO, DMDBTDMA, TODGA and TEHDGA. For

different solvents, the transport followed the order: 0.1M

TODGA ~ 0.2M TEHDGA > 1M DMDBTDMA > 0.2M

CMPO. This order was primarily influenced by the co-

transport of acid and the distribution ratio of metal ions

at the acidity encountered in the strip phase. The transport

of Am(III) with TODGA and TEHDGA yielded quantitative

transport of Am(III) within 30 minutes (Fig. 2). Under

identical conditions of feed and strip solutions, only ~65%

and 50% Am(III) transport were observed for DMDBTDMA

and CMPO, respectively. Investigation of acid transport

revealed ~0.25M HNO3 transport in 15 minutes with

TODGA, T2EHDGA and DMDBTDMA systems, and

~0.6M HNO3 in the case of CMPO. The Distribution ratio

of Am (DAm) values for these extractants at 0.5 M HNO3

were 0.2, 0.5, 0.07 and 8, respectively. High DAm value

in case of CMPO at relatively lower acidity (0.5-1M HNO3)

hindered the stripping of metal ions in the receiver phase,

which restricted the Am(III) transport.

Transport of lanthanides from SHLW was demonstrated

with TODGA-HFSLM on 20 liters scale, where quantitative

and selective transport of lanthanides was achieved in 18

hrs. The product could be concentrated two times by

maintaining the feed to strip volume ratio of 20:10 litres.

However, as the feed to strip volume ratio increased, acid

build up in the receiver phase increased which was

neutralized by adding NaOH and the acidity of the strip

phase was maintained around 0.5M HNO3. The final feed

composition of the two times concentrated product was:

0.2M NaNO3 at 0.5M HNO3, which was suitable for the

subsequent lanthanide / actinide separation as described

latter in this report. Physical and chemical stability of

TODGA-HFSLM was demonstrated to be excellent for 72

hrs of continuous operation. Radiation stability of the carrier

(0.1M TODGA + 0.5M DHOA) and hollow fibre lumen

was satisfactory up to 500 kGy dose. The present studies

revealed that TODGA-HFSLM system offers a promising

alternative approach for ‘actinide partitioning’, where the

use of organic solvent inventory could be drastically

reduced.

Lanthanide / Actinide Separation with HollowLanthanide / Actinide Separation with HollowLanthanide / Actinide Separation with HollowLanthanide / Actinide Separation with HollowLanthanide / Actinide Separation with Hollow

Fibre MembraneFibre MembraneFibre MembraneFibre MembraneFibre Membrane

The HFSLM technique was successfully applied for the

selective recovery of trivalent actinides over lanthanides

using Cyanex-301 (bis(2,4,4-trimethyl pentyl) dithio-

phosphinic acid) as the carrier. The feed solution was 1g/

L total lanthanides (spiked with tracers such as 140La, 160Tb,
166Ho, 175Yb and 177Lu) along with 241Am tracer at 1M

Fig. 2: Transport of Am (III) by HFSLM of different
solvents

Fig. 3: Gamma spectrum of the Am and lanthanides
in the feed, strip and raffinate solutions showing
selective transport of 241Am
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NaNO3 buffered to pH 3.5 with sulphanillic acid. The strip

solution was 500mL of 0.01M EDTA. Quantitative

(>99.9%) transport of Am(III) was possible in 10min with

0.5M Cyanex-301 as the carrier with negligible presence

of the rare earth tracers (Fig. 3). The decontamination

factors for all the lanthanides were ~100. The work

revealed that the product obtained during actinide

partitioning with TODGA-HFSLM (which contains

lanthanides and trivalent actinides) can be directly used

for lanthanide/actinide separation by Cyanex-301-HFSLM

system, after suitable feed adjustment.

Recovery of Cesium and Strontium by HollowRecovery of Cesium and Strontium by HollowRecovery of Cesium and Strontium by HollowRecovery of Cesium and Strontium by HollowRecovery of Cesium and Strontium by Hollow

Fibre MembraneFibre MembraneFibre MembraneFibre MembraneFibre Membrane

Calix[4]arene-bis-2,3-naphthocrown-6 and di-tert-butyl

dicyclohexano 18-crown-6 ligands are reported to be

extremely selective for Cs(I) and Sr(II), respectively in the

presence of large concentrations other metal ions.

However, pertaining to very high cost of these ligands,

their applications in solvent extraction process has practical

difficulty. Nevertheless, liquid membrane techniques can

be applied for such system which has the advantage of

using very small amount of ligands. In this context, the

HFSLM technique was applied on litres scale for the

recovery of radio-cesium and radio-strontium using target

selective macrocyclic ligands. The transport data from

Simulated HLW revealed the selective recovery of Cs(I) or

Sr(II) over other radiotracers (214Am, 154Eu, 59Fe and 51Cr)

with decontamination factors of ~100 for all the metal

ions present in HLW. High decontamination factors as

well as throughputs suggested possible application of the

HFSLM system for the recovery of radio-cesium and

strontium from HLW.

Recovery of Plutonium from Analytical WasteRecovery of Plutonium from Analytical WasteRecovery of Plutonium from Analytical WasteRecovery of Plutonium from Analytical WasteRecovery of Plutonium from Analytical Waste

An efficient HFSLM method was developed for the

recovery of plutonium from analytical waste on litres scale,

which contains grams level of U and Pu, and milligram

level of Am. In this method, pure fraction of U is also

obtained along with Pu. The technique is faster and gives

lower radiation exposure to the working personnel with

lower volume of secondary waste generation as compared

to traditional precipitation technique. The recovery of Pu

was carried out in two stages. In the first stage, Pu(IV)

and U(VI) were selectively recovered by TBP-HFSLM leaving

all the Am and metallic impurities in the raffinate. In the

second stage, Pu was reduced to Pu(III) and U(VI) was

selectively transported into the receiver phase, separating

Pu fraction from U. By following the above procedure,

about 50 g Pu could be recovered from 10 litres of

analytical waste (Fig 4).

Fig. 4: The recovered plutonium and uranium from
the analytical waste; (a) Waste, (b) U(VI), and (c) Pu(III)
solutions
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Abstract

During refuelling, the Fuelling Machine (FM) is attached to the end fitting of the coolant channel and it becomes part

of reactor pressure boundary. FM pressure is maintained 1 to 2 kg/cm2 above the channel pressure to prevent the entry

of hot water in the FM. The FM pressure control is carried out using pressure sensor, controller and conventional control

valves. A compact multi-stage pilot operated pressure control valve has been designed to carry out pressure control of

AHWR FM which will eliminate the controller, sensors, control valves and associated components making the system

simple and compact. The same valve can be used for pump pressure control of FM head water supply system.

IntroductionIntroductionIntroductionIntroductionIntroduction

AHWR is a light water cooled, heavy water moderated,

vertical pressure tube type reactor. Refuelling of the reactor

is carried out using a Fuelling Machine (FM). The FM is

capable of carrying out on-power refuelling operation. In

the on-power refuelling scheme, the FM is attached to

the end fitting of reactor coolant channel and becomes a

part of reactor boundary.  The FM houses many

mechanisms, seals etc. which cannot be operated at high

temperature. So, to prevent the entry of hot water from

reactor coolant channel in the FM, its pressure is

maintained 1 to 2 kg/cm2 above the coolant channel

pressure. This FM pressure control is carried out using

sensors, controller and conventional control valves. A

compact, multi-stage, fast acting, water hydraulic, pilot

operated pressure control valve (POPCV) has been designed

to control the FM pressure. The single valve will eliminate

sensors, controller, control valves, large accumulators and

associated piping making the system more compact and

easy to maintain. The same valve can be used for pump

pressure control of head water supply system of FM.

Existing Pump pressure and FM magazine pressureExisting Pump pressure and FM magazine pressureExisting Pump pressure and FM magazine pressureExisting Pump pressure and FM magazine pressureExisting Pump pressure and FM magazine pressure

control circuitcontrol circuitcontrol circuitcontrol circuitcontrol circuit

Fig.1 shows simplified circuit of existing FM supply pump

and FM magazine pressure control system. The FM

requires 125 lpm flow at maximum pressure of 150 kg/

cm2. This requirement is catered by the high pressure FM

supply pump. The FM pump pressure is controlled using

bypass flow control method. FM pump pressure control

system has a pressure transmitter which senses the system

pressure. The pressure is given as feedback to a controller.

The required pump pressure is given to the controller as

set point. The comparator in controller compares set point

with the feedback pressure and generates error signal

equivalent to the difference between set point and

feedback. Using this error signal, the PID controller

generates a corrective signal. This output of controller is

given to an E/A convertor, which generates an equivalent

pneumatic pressure signal. This pneumatic pressure is

supplied to the positioners of control valve, which control

their opening. Change in opening of control valves will

change the system pressure.
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This pressurised water is supplied to FM magazine cavity,

seals and various water hydraulic actuators of FM. This

distribution of water takes place in valve station. The

outlets of all actuators, seals are finally connected to

magazine housing. A control valve in magazine return

line controls magazine pressure. Magazine pressure is

controlled to 20 kg/cm2 in Park mode and fuel discharge

mode using feedback from pressure transmitter. It is

maintained 1 to 2 kg/cm2 above channel pressure in off-

reactor and on-reactor mode using a feedback from

differential pressure transmitter connected between fuelling

machine magazine and header.

Design and working of Pilot Operated PressureDesign and working of Pilot Operated PressureDesign and working of Pilot Operated PressureDesign and working of Pilot Operated PressureDesign and working of Pilot Operated Pressure

Control ValveControl ValveControl ValveControl ValveControl Valve

A pilot operated pressure control valve is designed for FM

pump pressure control and FM magazine pressure control.

The cross section of valve is shown in Fig.2. The valve

consists of a main valve, a pressure

compensated flow control valve and

a pilot relief valve. The upstream of

main valve is connected to the FM

pump or Magazine and downstream

is connected to return line or PHT

purification line. So, very high

pressure drop takes place across the

main valve control trim. The working

medium for valve is water. Since

vapour pressure of water is high,

cavitation can occur at the control

trim. To avoid cavitation, the pressure

drop in the valve is carried out in four

stages. The stages are sized so that

the pressure at any stage shall be always more than the

vapour pressure, thus avoiding cavitation.

The inlet pressure to the valve is acting on one side of a

balance piston as shown in Fig.2. The other side of balance

piston is connected to a pilot relief valve. Flow to this

pilot relief valve is maintained constant using a pressure

compensated flow control valve as shown in Fig.3. A

force is also applied on balance piston using a light spring.

The pilot valve also has a piston. One side of this piston is

subjected to pressure of spring side of balance piston of

main valve. A force is applied on this piston is using a

lever. The other side of lever is connected to a spring

loaded cylinder. The force generated by this spring loaded

cylinder can be changed by changing pneumatic pressure

supplied to the cylinder. The pneumatic pressure can be

remotely changed using a E/A convertor mounted on

POPCV. The force generated by pneumatic pressure

opposes the spring force. Thus, with increase in pneumatic

pressure, the set pressure of pilot relief

valve of POPCV shall be reduced, which

in turns reduce the pressure in spring

side of balance piston of main valve,

and hence the pressure of system, and

vice versa. Pilot operated configuration

has been adopted for this valve to avoid

use of large and heavy spring and reduce

the pressure over-ride due to change in

opening of the valve at various operating

conditions.  The pressure compensated

Fig. 1: Simplified circuit of existing FM supply pump and FM magazine
pressure control

Fig. 2: Pilot Operated Pressure Control Valve
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flow control valve in the pilot line maintains constant

flow to the pilot relief valve thus further reducing the

change in operating position of pilot valve resulting in

more accurate pressure control.

The valve is designed for a maximum flow of 185 lpm

and 160 bar pressure. 4-20 mA signal is given as set point

to the valve. The valve can be operated in open loop as

well as closed loop control.

Pump pressure and FM pressure control circuitPump pressure and FM pressure control circuitPump pressure and FM pressure control circuitPump pressure and FM pressure control circuitPump pressure and FM pressure control circuit

using POPCVusing POPCVusing POPCVusing POPCVusing POPCV

New pressure control circuit for FM pump and FM

magazine pressure control is shown in Fig.3. The POPCV

used for pump pressure control is used in open loop

control. POPCV internally senses the pressure and compares

with the set point and changes the position of its poppet

to maintain the pressure as per the set point. In FM

Fig. 3: FM supply pump and FM magazine pressure control circuit
using POPCV

magazine pressure control, POPCV can

control pressure to 20kg/cm2 in open loop

as well as close loop. But during off-reactor

and on-reactor mode, the machine pressure

is required to be controlled 1 to 2 kg/cm2

above channel pressure. So a close loop

control is preferred.

AdvantagesAdvantagesAdvantagesAdvantagesAdvantages

The valve is an indigenous and compact. A

single valve can replace sensor, controller,

control valves and associated piping and

accessories in the system making it compact

and easy to maintain. The corrective forces

acting on valve poppet are very large, thus making it a

fast acting and thus reducing the size of accumulators in

the system. The valve can be used in open as well as

closed loop control.

ConclusionConclusionConclusionConclusionConclusion

An indigenous, compact multi stage pilot operated

pressure control valve has been developed which can be

used for pump pressure control of Fuelling Machine supply

pump as well as for Fuelling Machine magazine pressure

control. The single valve can replace controllers, sensors,

control valves and other accessories in the system, making

the system compact and easy to maintain. The

performance of Pilot Operated Pressure Control Valve will

be proved by implementing it in AHWR FM test facility.

Once the design of Pilot Operated Pressure Control Valve

is proven, it has potential for deployment in in operating

/ future PHWR fuel handling systems.
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Abstract

A 9 MeV RF Electron linac for cargo-scanning has been successfully commissioned at Electronic Corporation of India

Limited (ECIL), Hyderabad. The pulsed coupled-cavity on-axis linac operates at a frequency of 2856 MHz with pulse

width of 5.8 s and 250 Hz repetition rate. This linac has been RF-conditioned up to a peak power of 2.6 MW. Peak

beam current of ~ 60 mA has been measured at the output of the linac. X-ray dose of ~ 24 Gy/min has been measured

at one meter distance from the tantalum target. Beam size of ~2 mm has been obtained on the target. A primary

collimator is designed for slicing the x-ray beam. The accelerated electron beam hits a tantalum target and x-ray

generated though the target is fed to the primary collimator. Thereafter, collimated high energy x-ray will be used for

cargo scanning. This paper highlights the features of the 9 MeV linac, its performance with RF power, behaviour of the

linac under beam loading, design of primary collimator for the imaging purpose and measurements done to determine

the x-ray dose rates.

IntroductionIntroductionIntroductionIntroductionIntroduction

Cargo-scanning systems require a linac to produce high

energy electrons, which bombard a high Z target to

generate bremsstrahlung radiation. These x-rays penetrate

high density cargo and the resulting high quality images

enable the detection of hidden, contraband goods,

weapons, undeclared goods, etc.

A 9 MeV RF Electron linac for cargo scanning has been

designed and developed by APPD/BARC at ECIL, Hyderabad

[1]. The linac system has been designed to satisfy the

specifications listed in Table 1.

System DescriptionSystem DescriptionSystem DescriptionSystem DescriptionSystem Description

An LaB6-based electron gun serves as the injector of

electrons into the on-axis coupled cavity linac, which is

powered by a klystron-based RF source [2]. The electrons

are accelerated up to of 9 MeV in a length of ~1m. Fast

current transformer at the end of the linac is used to

measure the beam current. A solenoid is used to focus

the accelerated beam to the required size on the water-

cooled tantalum target placed at the end of the beam

tube. The thickness of tantalum target is 2 mm. The entire

system from gun to target is maintained at a vacuum

level of 10 -7 mbar with the help of sputter-ion pumps.
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Remote operation of the linac system, situated in the

radiation shielded area, is performed through PC located

in the control room [3]. The linac system is in the

horizontal position and a view of the linac is shown in

Fig. 1.

Safety InterlocksSafety InterlocksSafety InterlocksSafety InterlocksSafety Interlocks

Various safety interlock has been implemented for safe

operation of the microwave source. The klystron

modulator has been interlocked with water flow, arc

detector, klystron electromagnet current, klystron

modulator door and SF6 gas pressure. In case of any of

the interlock getting activated, the input trigger pulse to

klystron modulator is blocked thus no output RF power is

generated. The klystron electromagnet supply is interlocked

with water flow, as there is high current, which can

damage the electromagnet in absence of water.

A relay based hardwired interlock unit has been used for

implementing the above-mentioned interlocks.

For the safe operation of the system, the sync trigger

generator is interlocked with vacuum and arc. In case of

vacuum pressure falling or arcing, the trigger pulse to the

system is stopped. The vacuum data is continuously

monitored and recorded.

Primary Collimator DesignPrimary Collimator DesignPrimary Collimator DesignPrimary Collimator DesignPrimary Collimator Design

The primary collimator will complement the existing

system to get collimated fan beam. A collaborative effort

has been made to identify novel and advanced materials

to achieve low coefficient of friction for various lateral

and angular movements of collimator plates weighing

nearly 5 tons. Complex numerical calculations simulating

extreme conditions and experimental tests have been

undertaken using ANSYS software toolkit. In parallel, an

innovative modular design concept of the assembly has

been developed to allow fitting in alternative materials,

minimizing the load induced deformations, withstanding

accidents and accepting desired radiation doses.

The collimator plates are made up of mild steel blocks of

IS 2062A grade ensuring high geometrical stability. The

assembly structures for the collimator are made up of

high stiffness I-beams ISMB 150. Each plate has been

machined with high precision Electric Discharge Machining

(EDM) and Surface Grinding processes. The plates are

also hard chrome plated to provide corrosion resistance

and increase surface hardness. A full scale collimator

Table 1: Specifications of 9 MeV RF electron linac

Beam Energy 9 ± 0.1MeV

Average Beam Current 0.2 mA

Peak beam current 100 mA

Average Beam power 1.0 kW

X-ray beam focal spot size 2 mm

X-ray symmetry 5% at 7.5 off the central axis

Leakage of radiation 0.1 %

X-ray field size Standard 30 cone

Length of accelerator ~1 metre

Pulse Width 5.8 s

Pulse repetition rate 250 Hz

Injection voltage 50-70 kV

Microwave Frequency 2856 ± 2 MHz

Peak klystron power 2 – 3 MW (2.6 MW nominal)

Average klystron Power 2 – 3 kW (2 kW nominal)

Fig. 1: View of the linac system used for cargo-
scanning

X-rays produced from the target are then collimated to

form a thin column of ~ 4 mm and allowed to fall on the

cargo. The x-rays penetrate through the thickness of the

cargo and fall on the detectors placed on the other side

of the cargo. At a given time, one column of the image is

captured by the detectors. The horizontal dimension of

the image is produced by moving the cargo at a given

speed. The complete image is then reconstructed by using

proper software toolkits.
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prototype has been manufactured to validate each feature

of the new design.

The primary collimator is actually a series of mild steel

blocks which have continuous slits but of increasing width.

The first block has a slit of width 4 mm X 4 mm. The last

block gives out the x-ray beam with same thickness of

4mm but of more length which has been increased as per

a particular angle over the series of MS blocks collimating

it. This beam is to be used for non destructive scanning

of dense cargo.

Detailed analyses were carried out in ANSYS in two stages.

[4] In the first stage of analysis all the plates were modelled

together of size 900 mm X 800 mm X 800 mm. The base

frame supports were provided in the vertically upward

direction. The material elasticity, density are defined for

steel. As load is only due to self weight the gravity is

defined as 9.81 m/s2 in the vertically downward direction.

Case is solved for the deflection and reaction at the

supporting edges. Maximum deflection in plate structure

is 0.26 micron.

In the second stage of the analysis wire frame modelling

was done. The reaction forces per unit length at the

supporting edge of the plate from the first analysis were

applied as the load in the second stage. All the supporting

frame structures selected are I beam of ISMB 150. Beam

element is selected and line meshing is done.

Collimator plate structure along with support structure is

assembled at ECIL site. Movement of plate in x, y, z

direction and angular movement is also checked.

System OperationSystem OperationSystem OperationSystem OperationSystem Operation

The entire linac system was assembled at the Linac Test

Facility (LTF). Evacuation of the system was carried out

till a vacuum level of 10-7 torr was obtained. RF power of

2.6 MW and peak beam current of 60 mA is required for

generation of desired intense photon beam. To operate

the linac at high microwave power of 2.6 MW, RF

conditioning was carried out. For this purpose, the peak

power of klystron was increased up to 500 kW at 10 Hz

and then pulse repetition frequency (PRF) was raised till

250 Hz. As PRF is increased, detuning of cavity resonant

frequency occurs, due to which the RF reflected power

increases. To reduce the reflected power, the RF frequency

of the signal generator is varied to match the resonant

frequency. The peak power is increased in steps of 100

kW & PRF was increased from 10 to 250 Hz at each peak

power level. When arcing was observed (as seen in

reflected power pulse) or vacuum deterioration in linac,

peak power was reduced by changing the gain of the

driver amplifier and conditioning was done at higher PRF

for longer duration. During RF conditioning, a vacuum of

3.0 x 10-7 mbar was maintained throughout the complete

linac system. Vacuum and reflected power was

continuously monitored and controlled during RF

conditioning of the linac.

After ~200 hours of RF conditioning, forward power of

2.6 MW and 250Hz PRF could be sustained. Beam trials

were then carried out. The planar electron gun

configuration (cathode-grid shorted) gave an output

current of 60 mA at for 65 kV gun voltage for 250 W

filament power. An output beam current of 140 mA was

achieved with a positive grid bias of 3.8 kV and VKA =

66.8 kV. An output beam current of 58 mA was achieved

with a negative grid bias of 3.8 kV and VKA = 63 kV. [5]

XXXXX-ray Measurements-ray Measurements-ray Measurements-ray Measurements-ray Measurements

The accelerator is operated in x-ray mode and the beam

spot has been observed on photographic film which was

kept adjacent to the tantalum target. The photograph of

the beam spot as seen on the tantalum target is shown in

Fig. 2.

Fig. 2: Beam spot seen on targetFig. 2: Beam spot seen on targetFig. 2: Beam spot seen on targetFig. 2: Beam spot seen on targetFig. 2: Beam spot seen on target
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The dose rate of x-ray, produced after hitting Ta target has

been measured by using air ionization chamber. The

radiant energy ionizes the air within the chamber. The

ionization chamber used is model no. CC13 make IBA

Dosimetry, Germany and its active volume is 0.13 cc.

An electrometer, model Dose1, make- IBA is used for

generating bias voltage of 300 V and measuring the ion

current. The applied bias voltage results in accumulation

of ions and electrons on respective opposite electrodes.

The rate of charge accumulated on electrodes gives the

dose rate by using a calibration factor having unit in Grey/

coulomb (Gy/C).

X-ray dose was measured using ionisation chamber at

linac operating parameters of 2.6 MW, 250Hz, 5 .8 μsec,

60 mA peak beam current of 9MeV energy. Dose rate is

about 24 Gy/min at 1m from the x-ray converter was

measured.

ConclusionConclusionConclusionConclusionConclusion

The design and development 9 MeV RF electron linac for

cargo-scanning has been completed successfully. X-ray

measurements have confirmed required dose rates of 24

Gy/min/m. Beam diameter of ~2 mm has been achieved.

Experiments with collimator and imaging system with

dummy cargo are in progress. A compact linac for 6 MeV

has also being planned along the same lines. These types

of compact systems are very useful. It can be transportable

systems and installed at any sensitive place on security

point.
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Abstract

This paper described the development of a technology for the production of titanium encapsulated 125I brachytherapy

seed sources for the treatment of ocular cancers.   The work entails (i) development of technology for 125I production,

(ii) chemical immobilization of 125I into silver carrier rods, (iii) encapsulation of the source in tiny titanium capsules, (iv)

quality evaluation of 125I seeds, (v) type approval of the source by AERB, India (vi) collaboration with physicians to

deploy BARC 125I-brachytherapy seeds in the clinical arena.

IntroductionIntroductionIntroductionIntroductionIntroduction

Uveal melanoma is the most common primary intraocular

malignancy in lightly pigmented persons and is infrequently

seen in non-white races. India enjoys a low incidence of

malignant melanoma of the uveal tract.  Brachytherapy

using removable episcleral plaques containing sealed

radioisotope sources is one of the treatment modalities

extensively used for effective local tumor control,

destruction of metastatic potential, and preservation of

ocular and visual function.  The Radiopharmaceuticals

Division with the need based support of other Divisions

of BARC, carried out a research which lead to the

successful development of a technology for the production

of indigenous 125I brachytherapy sources (‘BARC I-125 Ocu-

Prosta seed’) [1] in the year 2003 for the management of

eye cancer. The driving force behind this initiative was

to provide 125I brachytherapy sources to meet the

domestic needs and to promote the beneficial use

episcleral brachytherapy in India. The work involved three

aspects

1. Development of the technology for the production

of 125I by gaseous target irradiations in Dhruva reactor

followed by chemical reprocessing.

2. Development of technology for the production of

titanium encapsulated 125I seed sources conforming

to the AERB requirements

3. Collaboration with physicians to deploy BARC 125I-

brachytherapy seeds in the clinical arena where

patients can benefit from the research.

Production of Production of Production of Production of Production of 125125125125125IIIII

An indigenous procedure for the local production of 125I

from the neutron irradiated natural Xe target using wet

chemical distillation method was developed [2]. The

technology development aspects are related to:  the design

of the irradiation container, its fabrication, cryogenic filling

of gaseous Xe target into the container, hermetic sealing

of irradiation container, selection of appropriate neuron

flux,     irradiation time, neutron irradiation of target, target

cooling and optimization of distillation parameters to avail
125I of requisite purity and yield. In one batch, typically 4

grams of natural xenon gas was  irradiated in the Dhruva

reactor of this institution for 15 days with a thermal

neutron flux of around 5 × 1013 n/cm2/s. After irradiation,

the targets are left to decay for typically ~ 50 days to

reduce the contamination of 126I. The irradiation containers



BARC Newsletter Founder’s Day Special Issue

135October 2012

was cooled in liquid nitrogen to solidify 125I formed during

the neutron irradiation, leached out with  0.03 M Na2SO3

solution and purified by wet distillation. In this process,

iodine formed was oxidized to non-volatile iodate ( -
3IO )

which was then subsequently reduced to molecular iodine

by the addition of oxalic acid and distilled out leaving

behind the radioactive contaminants in the solution.

Iodine-125 liberated  was trapped in a small amount (0.5

mL) of 0.01 M NaOH solution. Several batches of 125I

were successfully produced using the developed procedure

at a level of ~ 18.5 GBq (500 mCi) 125I per batch. The

quality of the 125I in terms of radionuclidic purity,

radiochemical purity and radioactive concentration were

evaluated and found to be acceptable for preparation of
125I brachytherapy sources. Facility used for the production

of 125I is shown in Fig.1.

Iodine-125 brachytherapy seedsIodine-125 brachytherapy seedsIodine-125 brachytherapy seedsIodine-125 brachytherapy seedsIodine-125 brachytherapy seeds

An innovative, efficient, reliable and cost-effective

technique was developed and demonstrated for the large

scale preparation of 125I-brachytherapy sources of strength

1.665–2.22  GBq (45-60 mCi)  in our laboratory [3-4].

Schematic diagram of the 125I-brachytherapy source

developed is shown in Fig.2. In brief, cleaned silver  wires

[3 mm (l) × 0.5mm ()] were treated with 0.05% PdCl2
solution at ~1000C for 30 minutes. Palladium coated silver

wires were removed and washed with double distilled

water to get rid of traces of loosely held palladium. In a

typical batch preparation, 15 Pd coated silver wires  were

immersed  in 750 L of 125I  solution of activity in the

range of 1.665–2.22  GBq (45-60 mCi)   containing  75

μg KI as carrier at 60–70 oC for 6 h. By this method, more

than 80% of the initial radioactivity could be firmly

deposited onthe source core and 111-148 MBq ( 3 - 4

mCi) of radioiodine could be irreversibly adsorbed on the

palladium coated silver wires. These source cores were

encapsulated in titanium capsules of 4.75 mm (l) × 0.8

mm () and welded in one extremity using a 50 W, Nd:YAG

laser welding system [3] as shown in     Fig.3. Prior to

therapeutic use, each 125I seeds were subjected to

numerous     quality control tests following the reported

procedure [4]. ‘Classification Performance Validation’ has

Fig. 1: Production of 125I from neutron irradiation of natural Xe gas and a wet distillation process
(a) cutting of xenon irradiated container,(b) distillation of 125I, (c) production plant.

Fig. 2: Schematic diagram of the  125I  seed

(a) (b) (c)

Fig. 3: Encapsulation of 125I source in titanium capsule
using Nd:YAG laser welding technique (a) Nd:YAG laser
welding set-up (b)Magnified view of sample under
welding.

(a)

(b)
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been carried out for renewal of design approval of 125I

seeds [4]. The dosimetric studies of sources were carried

out at Radiological Physics and Advisory Division (RP&AD)

of BARC, which revealed that the ‘BARC 125I Ocu-Prosta

seeds’ is similar to commercial source 6711 Oncoseed of

Amersham International [5].     Photograph of the titanium

encapsulated 125I source is shown in     Fig.4 .

Clinical deployment of Clinical deployment of Clinical deployment of Clinical deployment of Clinical deployment of 125125125125125I brachytherapyI brachytherapyI brachytherapyI brachytherapyI brachytherapy

seedsseedsseedsseedsseeds

Presently, these sources are supplied to three

major oncology centres of India namely Sankara

Nethralaya, Chennai, P.D.Hinduja Hospital,

Mumbai and Sri Ramkrishna Hospital,

Coimbatore. Plaque preparation consists of the

assignment of seeds to slots on the plaque to

achieve a desired dose rate distribution. For dose

calculation, modelling of the eye is done first using

computerized tomography or magnetic resonance imaging

of axial cut from the centre of the eye. Next, modelling of

the tumour is done using the ocular ultrasound. For tumour

which are 5 mm or greater in apical height, the tumour

dose is prescribed at the apex of the tumour where as for

Fig. 4: Titanium encapsulated 125I source (a) Iodine-125 source core, titanium  capsule and its lid (left) &
laser welded 125I  seed (right), (b) Indigenous 125I seed, (c) rice sized simulated  125I seeds

(a) (b) (c)

Fig. 5:  Longitudinal section of computerised model
of the eye ball with posterior choroidal melanoma
as seen in the planning software.

tumours that are 2.5-5 mm in apical height, the

prescription point is 5 mm from the interior surface of

the sclera. The prescription point was tumor height plus

1 mm for the sclera with calculated dose of 85 Gy.  Fig.

5 depicts the dose distribution from a typical plaque. The

tumor margins were identified using transscleral

illumination and indirect ophthalmoscopy. The placement

of the plaque is carried out surgically. The surgical

procedure is depicted in Fig.6. The plaque removal is then

done after 4 to 5 days, as per the dosimetry.      It is pertinent

to point out that more than 70 patients have been

benefited by this development.

ConclusionConclusionConclusionConclusionConclusion

This investigation has contributed in building local

capability in the production of 125I seeds through a

Fig. 6: Surgical procedure  A: Dummy gold plaque being inserted.
B:   Plaque containing 125I-seeds   being inserted
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combination of innovative concept, process demonstration

and consistent reliable quality control for the management

of ocular cancer. While there is still a long path to travel

to find the ultimate cure for ocular melanoma, this

initiative represents a significant step forward for to provide
125I-brachytherapy sources to meet the domestic needs.

for the management of intraocular melanomas. We believe

that local availability of ‘BARC 125I Ocu-Prosta seed’, its

favorable characteristic and adaptabilities to specific tumor

locations and sizes, cost effective ophthalmic

brachytherapy can be offered in India. There is a great

deal of anticipation that ‘BARC 125I Ocu-Prosta seed’ will

find their way into many more institution in India in the

foreseeable future.
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Abstract

This article describes an implemented solution for the material distribution problem in the machining shop of a typical

manufacturing unit using Automated Guided Vehicles (AGV). We briefly describe the AGV and its associated material

handling system, and then go on to describe the software components and their underlying algorithms, which, when

put together, create an automated material transfer system that assesses demands for materials and accordingly plans,

prioritizes and executes deliveries. The system has been tested extensively in a mock environment in our Laboratory, the

results for which have also been indicated here.

IIIIIntroductionntroductionntroductionntroductionntroduction

Manufacturing requires continuous movement of materials

– starting from the point where vendors deliver semi-

finished components, up to the point where the finished

products are ready for shipment. In between, the semi-

finished components are moved to various machining

units, to assembly station, testing and quality control,

packaging, and so on until the product is complete in all

respects. In the past, these movements were performed

manually. The idea of deploying one or more Automated

Guided Vehicles (AGV) for this purpose is gaining in

popularity these days, because they have the potential of

making all movements in the manufacturing unit

completely autonomous, safe, and extremely efficient,

leading to higher productivity and automatic storage

management eventually at a lower cost. The system

requires design of one or more AGVs that can move and

stop precisely along designated trajectories and transfer

material using handling mechanisms like powered roller

conveyors. The control of the system is managed by the

various software modules integrated together. This renders

the system extremely flexible. The entire plan can be

changed at will by editing trajectories and a few other

parameters.

Since the requirement for movement of materials is

generic, the need for an automated material transfer

system is felt by all segments of industries; more so by

those whose processes are well structured to take

advantage of automation, or those who are keen to avoid

manual handling of hazardous (e.g., radioactive or

explosive) materials. The development of Automated

Material Transfer System (AMTS) was taken up at DRHR,

BARC, to generate an indigenous solution that is affordable

to the Indian industries going for modernization of their

manufacturing processes, and that can be adapted to the

exact requirements of an industry without adding

substantially to its cost. The solution can also be readily

adapted to automated handling and shipment of

radioactive materials in the nuclear establishment.

As a concrete instance around which we can make initial

development of the AMTS, we selected the problem of

Dr. P.K. Pal, Division of Remote Handling & Robotics,
Design, Manufacturing & Automation Group and his team received the

DAE Group Achievement Award  for the year 2010



BARC Newsletter Founder’s Day Special Issue

139October 2012

automation of the transfer of semi-finished components

from a supply point to several machining centres on the

shop floor of a typical manufacturing setup. The semi-

finished components are packed into bins, which are

stacked up for transfer to and from the AGV. The complete

stack is handled by the system and delivered at the

designated locations. The automation system so developed

has the ability to be scaled to use and control multiple

AGVs if the situation demands.

The AMTS can broadly be divided into three major

subsystems, namely the AGV, Supervisory controller and

the System configuration Software.

Fig. 1 shows the overview of the control architecture of

the AMTS [1]. The vehicle is controlled by a Vehicle Control

Program (VCP) executing on the PLC, under the guidance

of a Plan Executor (PE) program being executed on the

onboard single board computer. PE executes plans for

transfer orders prepared and assigned by the Supervisory

Control Program to the AGV.

A standard PC located conveniently in the Control room

or Shop Floor executes the Supervisory Control Program.

This program displays current status of the AGV and the

field devices such as loading /unloading conveyors etc. It

allows an operator to set transfer orders for materials, or

to intervene through Emergency-Stop. The supervisory

control software interfaces with the field device controller

(PLC) which controls all the field devices like conveyors in

the loading /unloading stations etc.

Autonomous Guided Vehicle (AGV)Autonomous Guided Vehicle (AGV)Autonomous Guided Vehicle (AGV)Autonomous Guided Vehicle (AGV)Autonomous Guided Vehicle (AGV)

An AGV is a battery powered mobile platform with the

ability to interpret and execute a set of motion commands.

In a shop floor, it is desirable for the AGV to move along

straight paths, curves, turn in place (around its centre)

and crab (shift parallel to itself). In order to cater to these

requirements, the quad configuration, having two steer

& drive wheels mounted on the AGV on the centre-line

along its length and four support castors on four corners,

has been selected. The arrangement of the drive wheels

and their modes of operations are as shown in Fig. 2.

Vehicle ControlVehicle ControlVehicle ControlVehicle ControlVehicle Control

All the four actuators of the AGV are driven by AC

Induction Motors. The control of the motors is achieved

using compatible AC Motor Controllers operating on a

48V DC battery supply. A PLC based Vehicle Control

Program (VCP) controls the motion of the AGV. It also

controls operation of the onboard material handling

system, monitors sensors, compiles AGV status data, and

executes operational interlocks.

Load Handling MechanismsLoad Handling MechanismsLoad Handling MechanismsLoad Handling MechanismsLoad Handling Mechanisms

The AGV as well as the loading and delivery stations are

provided with motorized roller conveyors for automated

transfer of materials to and from the AGV. The AGV

conveyors are controlled by the onboard PLC system. The

field conveyors have a separate PLC based control system,

and the operation of the conveyor sets is coordinated

through the Supervisory Control System. Figure 3 shows

the actual AGV with various sub-systems.

SafetySafetySafetySafetySafety

The primary safety device for the AGV is a non-contact

laser based obstacle detection system, which provides for

slowing down or stopping of the AGV depending on the

distance of the obstacle much before any contact is

Fig. 1: AMTS Control Architecture
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established. However the AGV also has a set of bump

sensors to be able to stop on contact.

LocalisationLocalisationLocalisationLocalisationLocalisation

The present AGV system detects predefined cylindrical

reflectors installed within the work area through an

onboard laser ranging device. The laser navigator system,

so formed, returns the (x, y) coordinates and orientation

(è) of the laser ranging device in the global coordinate

system to the AGV controller at the rate of 8 Hz [2]. The

instantaneous position and orientation of the AGV is easily

computed from this data.

Plan ExecutorPlan ExecutorPlan ExecutorPlan ExecutorPlan Executor

The Plan Executor (PE) program, running on the Single

Board Computer (SBC) of the AGV, carries out execution

of the transfer order placed on the AGV by the supervisory

control system. The transfer order specifies sources from

which materials are to be picked and destinations at which

they need to be delivered in a single trip of the AGV.

Accordingly, under the control of a trajectory tracking

algorithm, e.g., Pure Pursuit Algorithm [3], it keeps issuing

motion and activity commands to the Vehicle Control

Program (VCP) running on onboard PLC, until the entire

plan gets executed.

Supervisory ControllerSupervisory ControllerSupervisory ControllerSupervisory ControllerSupervisory Controller

It is a computer program executing on a standard desktop

computer, located either in the operation area or the

control room as per convenience. Its function is to manage

one or more AGVs with active infrastructure supports for

pick-up and delivery stations. The supervisory control

system carries out a range of tasks, namely monitoring of

field devices, AGV traffic control, communications and

AGV dispatching, tracking and tracing.

CommunicationsCommunicationsCommunicationsCommunicationsCommunications

The Communication tasks handled by the supervisory

controller include messages, such as issue of transfer order

to the AGV, insertion of the AGV into the system, and

commands to control field devices in the work area. It

also includes fault condition detection and reporting based

on the ‘AGV-heart-beat’ monitoring. The Supervisory

controller communicates with the AGV on a wireless

Fig. 2: AGV wheel configurations

Fig. 3: The AGV

a: Tangential Mode b: Crab Mode c: Differential Mode
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Ethernet link and with the field device controller on a

wired serial link, using Modbus protocol.

Job Generation & AssignmentJob Generation & AssignmentJob Generation & AssignmentJob Generation & AssignmentJob Generation & Assignment

The supervisory system is configured to generate a specific,

pre-defined transfer order request based on a set of field

status conditions. A suitable user interface is provided for

the operator to define triggering conditions and

corresponding transfer plans to be executed in case the

trigger gets activated.

Display and User InterfaceDisplay and User InterfaceDisplay and User InterfaceDisplay and User InterfaceDisplay and User Interface

The supervisory controller continuously displays the status

of systems on the control console. The display includes

update of the locations of the AGVs in the system, the

status of operation of AGV load handling equipment, AGV

battery charge status, field conveyors status and the

indication of any warnings and faults generated on any

of the sub-systems. The controller also provides user

interface for manual intervention.

TTTTTrajectory Editorrajectory Editorrajectory Editorrajectory Editorrajectory Editor

The Trajectory Editor is a CAD-based software, with the

facility to import the layout drawing of the workshop,

with outlines of structures, machines and various other

entities depicted on it, as a background. The trajectory

editor facilitates the creation of routes and loading /

unloading stations for the AGV. The software utilizes the

drawing facilities of the CAD software for definition of

the various entities. The Trajectory Editor generates a

database of all the configured entities, which is used by

the PE and the Supervisory Controller for their operations.

The software provides facilities for editing the existing

projects and import of entities for use in a new project.

The software also carries out the performance checks based

on the defined AGV parameters.

TTTTTest runsest runsest runsest runsest runs

Fig. 4 shows the desired and actual path followed by the

AGV during execution of a material transfer plan. The

small deviations of the actual trajectory from the reference

trajectory, particularly at turns, are inherent behaviour of

the pure pursuit algorithm. While positioning the AGV

for a transfer, errors in alignment, orientation, and distance

were measured systematically. It was observed that the

errors are within acceptable limits for autonomous

operation of the AGV.

Fig. 4: Path following executed by AGV

CCCCConclusiononclusiononclusiononclusiononclusion

We have described the development of an indigenous

technology for automation of material transfer in a

manufacturing environment. The solutions so generated

are of generic nature and may be used with modifications

or enhancements to address specific concerns of various

application environments.
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Abstract

Catalytic reactions play a foremost role in majority of industrial chemical processes. As an estimate, about 90% of all

chemical reactions in industries rely on catalysts. Fuel Cell Materials and Catalysis Section (FCMCS) of Chemistry

Division has made significant contributions in the area of catalysis and developed several catalysts for various applications

related to DAE programs. Notable among these are (i) development of catalysts for sulfuric acid decomposition and HI

decomposition reactions, and (ii) catalysts for mitigation of hydrogen in nuclear power plants under severe accident

conditions. In addition, rich contributions were made to the fundamental research in these areas of technological

importance viz. studies on photocatalysts for generation of hydrogen by water splitting and photocatalyts for VOC

abatement and pollution control. The group at Energy Conversion Materials Section (ECMS), Vashi was instrumental in

synthesis of catalysts in large quantities for use in pilot plant scale reactors. This article gives a brief over view of the

catalysis development program with respect to the above mentioned activities.

IntroductionIntroductionIntroductionIntroductionIntroduction

Heterogeneous catalysts are extensively used in chemical

industries for reactions such as cracking, dehydrogenation,

hydrogenation, oxidation, reduction, decomposition,

molecular rearrangement, fermentation etc. The main

focus of FCMCS is to develop catalysts for various

applications related to the Department of Atomic Energy.

In recent past, studies on Sulfur-Iodine (S-I) cycle for large

scale nuclear hydrogen generation have been started at

BARC in view of availability of high-grade heat from the

proposed Compact High Temperature Reactor (CHTR).

FCMCS developed catalysts for the sulfuric acid and

hydriodic acid decomposition reactions involved in the

Sulfur-Iodine cycle for hydrogen generation.

With regard to safe operation of nuclear plants, hydrogen

generated under LOCA conditions poses a major threat.

The two major nuclear accidents of Three Miles Island

(TMI) and Fukushima incident emphasize the hydrogen

risk in nuclear power plants. Use of catalysts has been

proposed to be one of the alternatives to mitigate this

hydrogen. Hence, extensive studies on development of

catalysts for hydrogen mitigation were undertaken.

The conversion of solar energy into hydrogen via

semiconductor assisted photocatalytic splitting of water,

is one of the most promising technologies for clean and

sustainable energy solutions. Members of FCMCS have

explored various catalysts for this purpose and also for

the utilization of solar energy for environmental

remediation like VOC’s elimination and dye degradation

using suitable semiconductor photocatalysts.
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Development of catalysts for decomposition ofDevelopment of catalysts for decomposition ofDevelopment of catalysts for decomposition ofDevelopment of catalysts for decomposition ofDevelopment of catalysts for decomposition of

sulfuric acidsulfuric acidsulfuric acidsulfuric acidsulfuric acid

With an aim to develop non-noble metal catalysts which

are both active and stable, various oxides/mixed oxides

and ferrites (MFe2O4: M = Co, Ni, Cu) [1, 2] were prepared

via different routes like solid state, precipitation/co-

precipitation gel-combustion etc. Their performance as

catalysts for the decomposition of sulfuric acid was

evaluated and compared with that of commercial Pt/Al2O3

catalyst, in temperature range of 600-850°C. Textural and

structural characterization of both synthesized and spent

catalysts was carried out employing various techniques

such as XRD, IR, SEM/EDX, TEM, XPS, N2-BET Surface

area, etc. Characterization of fresh and spent catalysts

along with thermal decomposition experiments enabled

us to propose a plausible mechanism for decomposition

of sulfuric acid over these oxides/ferrites which involved

the formation and decomposition of metal sulfate, with

the metal sulfate decomposition step playing the most

crucial role in determining the reaction kinetics. To study

the catalytic decomposition of sulphuric acid in

temperature range of 600 – 850°C over powder and

granular samples two glass setups were indigenously

designed and developed in Chemistry division as shown

in Fig. 1.

(~ 80 % at 800°C). Chromium substituted iron oxide and

Pt/Al2O3 catalysts exhibited almost similar SO2 conversions

at 800 °C which was slightly higher than the unsubstituted

Fe2O3. No deterioration in the catalyst performance was

observed for the oxide samples during 100 h run.

Commercially available Pt/Al2O3 catalyst works out to be

16 times costlier than iron based catalysts.

On the basis of the overall results obtained from our stud-

ies we recommended the Fe1.8Cr0.2O3 catalyst for use in

the laboratory scale Sulfur-Iodine demonstration facility

at Chemical Technology Division (ChTD), BARC. Synthe-

sis of Fe1.8Cr0.2O3 catalyst in Kg scale was entrusted to

ECMS, Vashi.

The group in ECMS has applied co-precipitation method

for the preparation of fine powder of catalyst starting

from their nitrate compounds. The resulted precipitate

was vacuum filtered and calcined in muffle furnace at

around 700°C. The calcined material conformed to distinct

iron oxide phase. To enhance the surface area of catalyst,

the calcined powder was subjected to prolonged duration

of milling in conventional roller mill. The powder so

produced has specific surface area around 32 m2 /gm.

For making the catalyst suitable to match with S-I

decomposition column design, these were shaped into 4-

5 mm diameter granules using Polyvinyl alcohol (PVA) as

a binder. Kilogram quantities of the catalyst granules

prepared as above have been supplied to Chemical

Technology Division, BARC for trial runs in their lab scale

demonstration plant for hydrogen production. A

representative photograph of a batch of catalyst is shown

in Fig. 2.

Fig. 1: Experimental set-up in quartz to carry out
sulfuric acid decomposition (A) granular catalyst (20
g) and (B) powder catalyst (0.2 g)

The performance of Fe2O3, Fe1.8Cr0.2O3 and Pt/Al2O3 catalysts

in granular form was evaluated for decomposition of

sulfuric acid (98 wt %) as a function of time (100 h at

800°C, acid flux of ~0.6 ml/min), temperature (650-825

°C, acid flux of ~0.6 ml/min) and flux of sulfuric acid

(0.2-10 ml/min). The SO2 yield was found to remained

close to the equilibrium thermodynamic yield value

Fig. 2: Iron oxide based catalyst (Spherical granules,
~ 4-6 mm size)
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Development of porous Pt/Carbon catalyst for HIDevelopment of porous Pt/Carbon catalyst for HIDevelopment of porous Pt/Carbon catalyst for HIDevelopment of porous Pt/Carbon catalyst for HIDevelopment of porous Pt/Carbon catalyst for HI

decompositiondecompositiondecompositiondecompositiondecomposition

Different Pt-Carbon catalysts based on high surface area

carbon supports have been developed using mesoporous

and microporous silica templates and have been employed

for HI decomposition step of Sulphur – Iodine thermo-

chemical cycle [3]. In this preparation route, carbon

precursor like sucrose is impregnated into mesoporous

silica template like MCM-41 and SBA-15 and microporous

silica template like fumed silica and carbonized by heating

at 800 °C, under nitrogen flow. The silica template is

removed by hydrofluoric acid to generate porous carbon

replica. Platinum has been incorporated in these carbon

supports either at initial stage along with sucrose to form

a part of carbon framework or by direct impregnation on

prepared carbon. Liquid phase HI decomposition at 120°C

has been carried out and conversion upto 17% have been

obtained in 2 hrs studies. The effluent analysis depicts

insignificant noble metal leaching. The efficiencies of these

materials for HI decomposition reaction have been found

to be dependent on the structural nature of the porous

carbon and their surface morphologies. We have

concluded that mesoporous Pt/carbon has higher catalytic

activity and stability than microporous Pt/carbon catalysts.

Development of catalyst for hydrogen mitigationDevelopment of catalyst for hydrogen mitigationDevelopment of catalyst for hydrogen mitigationDevelopment of catalyst for hydrogen mitigationDevelopment of catalyst for hydrogen mitigation

applicationapplicationapplicationapplicationapplication

A large amount of hydrogen is generated in nuclear reactor

during LOCA conditions. This can be a threat to

containment integrity if detonable limit is crossed. Passive

autocatalytic recombiner is one of the most feasible

remedies for this. New classes of mixed noble metal

catalysts, viz Pt + Pd on stainless steel wire gauze have

been developed for this purpose [4]. The activity includes

development of a novel procedure for preparation of mixed

noble metal (platinum-palladium) catalysts by electroless

deposition from a single bath containing precursors of

both the noble metals and a reducing agent. Evaluation

of the deposition steps by SEM-EDAX techniques has

clearly indicated that initial nucleation occurs through

platinum deposition followed by simultaneous platinum-

palladium deposition. These catalysts have been evaluated

for their catalytic activity for H2-O2 recombination reaction

under static air condition, in a 40 litre reactor, in absence

and presence of various poisons like carbon dioxide,

methane, carbon monoxide and water. The catalytic activity

has been found to remain unaffected by the presence of

above mentioned poisons. Fig. 3 depicts various forms of

supported noble metal based catalysts developed and

evaluated for this purpose. Wire gauze supported catalysts

have been shortlisted for user evaluation by NPCIL at

Hydrogen Recombination Test Facility, Tarapur.

Photocatalytic hydrogen generation from waterPhotocatalytic hydrogen generation from waterPhotocatalytic hydrogen generation from waterPhotocatalytic hydrogen generation from waterPhotocatalytic hydrogen generation from water

using solar radiationusing solar radiationusing solar radiationusing solar radiationusing solar radiation

With a view to photocatalytic generation of hydrogen

using solar type radiation, our group has focused on the

development of suitable photocatalytic materials. A number

of novel semiconductors have been developed for this

purpose and tested for their photocatalytic activity. A series

of aliovalent and isovalent ions were substituted at A and

B site in indium titanates, In2TiO5 (A = Ni2+ / Nd3+; B =

Fe3+ / Cr 3+), with an objective to modify their band gap

Fig.3: Various catalysts developed for mitigation of hydrogen (a) noble metal on SS wire gauze, (b) noble metal
on cordierite honeycomb and (c) Noble metal on cordierite plate.

(a) (b) (c)
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and extend their photo response in visible light. Effect of

metal ion substitution [5] and particle size [6] on band

gap and photocatalytic activity of indium titanate has also

been explored. TiO2- based photocatalysts like self-doped

(Ti3+)TiO2 [7], Sn and Eu doped TiO2 [8], In and N co-

doped TiO2 [9], TiO2 on various oxides like ZrO2, Al2O3,

zeolite and CeO2 [10] were evaluted to obtain catalyst

particles with optimum surface area and crystallinity.

Among these oxide catalysts, a composite of TiO2 dispersed

on ZrO2 inert support exhibited the highest photocatalytic

activity with a hydrogen generation rate of 1.1 L/h/m2/g

using solar type radiation. Indium doped CdS dispersed

on ZrO2 was found to exhibits the better activity than

oxide catalysts, with hydrogen generation rate of

3.9L/h/m2/g.

Titania based photocatalysts for abatement ofTitania based photocatalysts for abatement ofTitania based photocatalysts for abatement ofTitania based photocatalysts for abatement ofTitania based photocatalysts for abatement of

air and water pollutantsair and water pollutantsair and water pollutantsair and water pollutantsair and water pollutants

Heterogeneous photocatalytic degradation of dyes from

waste water and volatile organic compounds (VOCs) from

polluted air has become a need of times, as the release of

these effluents in the ecosystem forms a primary source

of pollution affecting all the flora and fauna in its vicinity.

Nano titania, doped titania [11-13], alkaline earth titanates

[14] and supported titania [15] systems have been

evaluated to understand the structure – activity correlation,

influence of oxidation states of dopants, particle size,

dopant – titania – support interaction and their

physiochemical properties and catalytic activity of these

materials. Photocatalytic oxidation of model VOCs like

ethane, propene and methane in air and dye like

methylene blue in water has been studied in detail. In this

context, titania based heterogeneous photocatalysts stands-

out to be best methodology that can be effectively exploited

for the complete mineralization of various dye  and VOC

pollutants present in natural environment.
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Abstract

Research, development, demonstration and deployment of new radiopharmaceuticals for diagnosis and therapy are the

major objectives of the Radiopharmaceuticals Division.  Work on the development of [99mTc]TRODAT-1 and [99mTc]HSA

were taken up at the Radiopharmaceuticals Division due to the demand as well as non-availability of the agents locally.

[99mTc]TRODAT-1 is a dopamine transporter (DAT) imaging agent useful in the diagnosis of patients suffering from

Parkinson’s disease (PD).  [99mTc]HSA is a sentinel node imaging agent useful in the management and staging of breast

and prostate cancers. The team has carried out extensive studies to arrive at user friendly, single vial kits wherein 99mTc

radiopharmaceuticals can be formulated at high yields by addition of generator eluted 99mTcO4
-.  In preclinical trials,

both preparations have yielded good results demonstrating the utility of these agents.  The products have been cleared

by the Radiopharmaceuticals Committee (RPC) and currently used by nuclear medicine departments.

[[[[[99m99m99m99m99mTTTTTc]TRODAc]TRODAc]TRODAc]TRODAc]TRODATTTTT-1-1-1-1-1

Neurodegenerative diseases are a group of chronic,

progressive disorders characterized by the gradual loss of

neurons in discrete areas of the central nervous system

(CNS). Parkinson’s Disease (PD) is a neurodegenerative

disorder characterized by slow progressive loss of

dopaminergic neurons resulting in impaired motor and

non-motor symptoms. Dopamine transporter (DAT) is a

protein located at presynaptic dopamine neuron terminals.

A significant reduction in density of the dopamine

transporters (DAT) is found in basal ganglia region of the

brain of patients suffering from Parkinson’s disease (PD).

Thus imaging of dopamine transporters provides an

important tool in diagnosis of neurodegenerative diseases.

Parkinson’s disease is caused by a degeneration of neurons

that result in uncontrollable tremors, slow movement,

stiffness and difficulty in walking. Almost 60% of

dopaminergic neurons are lost when the Parkinson’s

disease is diagnosed by its symptoms, hence early

detection of the disease is important. Radiolabeled

dopamine transporter ligands when used as tracers to

measure the decrease in the DAT provide important

information about the functioning of these transporters

in the diseased brain. During the past decade, Positron

Emission Tomography (PET) and Single Photon Emission

Computed Tomography (SPECT) have become the validated

tools for evaluation of brain function in normal and disease

states.( Mozley et al) Radiolabeled cocaine derivatives using

radionuclides such as 11C, 18F and 123I have been reported

in literature as useful PET and SPECT agents for imaging

dopamine transporters. However, these isotopes are
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cyclotron produced, thus not readily available limiting

their use in routine clinical diagnosis.  [99mTc]TRODAT-1

has been proved to be a useful imaging agent for clinical

diagnosis and monitoring the effects of therapy in

Parkinson’s disease. Hence efforts were made at the

Radiopharmaceuticals Division to develop a kit for

formulation of [99mTc]TRODAT-1 and demonstrate its

usefulness as a radiopharmaceutical with the aim to make

it available for clinical studies in India.

Preparation of  [Preparation of  [Preparation of  [Preparation of  [Preparation of  [99m99m99m99m99mTTTTTc] TRODAc] TRODAc] TRODAc] TRODAc] TRODATTTTT-1-1-1-1-1

Detailed studies were carried out to develop a simple

procedure with optimum concentration of various

reagents as well as the reaction conditions. The freeze

dried kit contents included TRODAT-1 (ABx Chemicals,

Germany), sodium glucoheptonate, disodium EDTA and

stannous chloride. In a typical procedure, 40-50 mCi of
99mTcO4

-, freshly eluted from the generator is added and

heated for 40 min at 100oC. The performance of the kit

was evaluated based on the quality of the 99mTc TRODAT-

1. The radiochemical purity was estimated by different

analytical methods. In solvent extraction using chloroform,

percentage distribution of radioactivity in aqueous and

organic phase was determined. HPLC analysis was

performed on Jasco PU1580 system using a reversed-phase

PRP-1 column using 80:20 ACN/3,3-dimethylglutaric acid

buffer  as mobile phase. Polyamide 6 coated PET strip

(Fluka) was used for TLC using the same solvent. After

the initial standardisation, the batch formula and step

wise production procedures were followed for formulating

the kit. Since the product is a radiopharmaceutical and is

intended for use in clinics, the complete production was

carried out under aseptic conditions. Formulation was

dispensed into vials under aseptic condition and lyophilized

in clean area. The prepared kits were tested for

radiochemical purity, stability as well as pharmaceutical

purity. Pharmaceutical purity of the kits was determined

by carrying out sterility testing and endotoxin

determinations as per pharmacopeia monographs at BRIT

QC laboratories.

Preclinical biological studies were carried out in Wistar

rats by injecting 99mTc TRODAT via tail vein.

Pharmacokinetics was determined by biodistribution

studies at different time points. Scintigraphic imaging

using gamma camera was done in rats to ensure brain

uptake of the radiolabeled product (Fang et al). The dossier

enclosing batch formula, production details, quality

control methods and results of performance and quality

of kits prepared in consecutive six batches were submitted

to the ‘Radiopharmaceutical Committee’ and the approval

for production and supply of cold kits was obtained. The

cold kits were supplied along with QC reagents to Nuclear

Medicine units for preparation of 99mTc TRODAT to carry

out studies in normal human subjects and PD patients

ResultsResultsResultsResultsResults

Fig 1 gives the structure of  [99mTc] TRODAT-1..... The

standardized formulation consisted of 100 μg of TRODAT-

1 ligand, 5 mg of GHA, 500μg Disodium EDTA  and

40μg of stannous chloride . On addition of 99mTcO4
-, the

pH was 6-7. More that 80% was extracted into the

chloroform layer indicating the lipophilicity of the

preparation. The overall yield was >90% by both HPLC

and TLC. The retention time of the complex in HPLC was

13.5 min (Fig. 2).

Fig. 1:

Fig. 2 : HPLC Pattern of 99mTc- TRODAT-1
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The cold kits were stable for a period of six months

from the date of production and [99mTc]-

TRODAT-1 prepared using cold kit was stable

upto 6h after  preparation. Biodistribution studies

in normal rat showed 1.3±0.2 %ID of 99mTc

TRODAT-1/gm of brain tissue at 5min post

injection (p.i.) which decreased to 0.49±0.09

% at 2h.p.i. The product was mainly excreted

by hepatobiliary system. The results were also

comparable with imaging studies carried out in

normal Wistar rats. The consistent production

of cold kits which fulfilled all the laid down

criteria of quality such as pH, clarity,

radiochemical purity ( > 90%), sterility and apyrogenicity

of kit contents ensured a safe product suitable for clinical

use.

Clinical studiesClinical studiesClinical studiesClinical studiesClinical studies

Several batches of kits were manufactured and supplied

to nuclear medicine departments. The performance of kits

and feedback from Nuclear medicine physicians about

the SPECT imaging studies carried out in normal human

subjects and PD patients were encouraging. Fig 3a shows

brain images of 99mTc TRODAT in a normal human

volunteer while Fig 3b shows the images in patients with

varying degrees of Parkinson’s disease.  Significant

reduction in uptake of tracer in striatum region of brain in

patients with PD is clearly indicated, thereby facilitating

in accurate discrimination between patients with

established PD and healthy volunteers.

[[[[[99m99m99m99m99mTTTTTc]-Human Serum Albumin (HSA) nanocolloidc]-Human Serum Albumin (HSA) nanocolloidc]-Human Serum Albumin (HSA) nanocolloidc]-Human Serum Albumin (HSA) nanocolloidc]-Human Serum Albumin (HSA) nanocolloid

The concept of sentinel lymph node biopsy in breast cancer

surgery is that the tumor drains in a logical fashion through

the lymphatic system, from the first to upper levels.

Therefore, the first lymph node met (referred to as sentinel

node) will most likely be the first to be affected by

metastasis, and a negative sentinel node makes it highly

unlikely that other nodes are affected. Sentinel lymph node

biopsy would represent a significant advantage as a

minimally invasive procedure, considering that, after

surgery, about 70% of patients are found to be free from

metastatic disease, yet axillary node dissection can lead to

significant morbidity (Morton et al) Sentinel lymph node

detection (SLND) helps in identification of lymph nodes

potentially harbouring cancer cells. The identification of

the sentinel lymph node helps in proper staging and

management of several malignancies like breast cancer,

head & neck cancer.

A nanoparticulate radiopharmaceutical for SLND with a

narrow particle size distribution (nm range) shows rapid

uptake and retention in the SLN and delivers the minimum

radiation dose. With the availability of intraoperative

gamma probes and suitable 99mTc radiopharmaceuticals,

SLND has become a routine clinical procedure. The main

radiolabeled agents used in SLN detection are sulphur

colloid and albumin nanocolloid (Eshima et al). Preparation

of labeled sulphur colloid is a tedious procedure and has

several disadvantages and therefore not preferred by

clinicians.  Currently, there is no commercially available

indigenous kit for preparation of 99mTc-HSA nanocolloid

for sentinel node detection. Efforts were made at
Fig. 3a: Images in a normal volunteer showing uniform
distribution of 99mTc-TRODAT

Fig 3b Images in two patients of Parkinson’s disease showing
varying degree of the disease
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Radiopharmaceuticals Division to develop 99mTc-HSA

nanocolloid and demonstrate its clinical utility as sentinel

node imaging agent or lymphoscintigraphy agent.

node extraction. Planar static images were obtained at

various time points using a gamma camera. Clinical studies

of the HSA nanocolloid were carried out in breast cancer

patients at Tata Memorial Hospital, Mumbai, after taking

the necessary approvals.

ResultsResultsResultsResultsResults

Several batches of HSA nanocolloid cold kits could be

prepared with consistent quality and reproducibility with

respect to particle size, radiolabeling yield and SLN uptake.

The kit vials passed the tests for sterility and apyrogenicity.

The particle size of the HSA colloid as determined by DLS

was ~100 nm. A typical particle size profile of a batch of

HSA nanocolloid is shown in Fig. 5 Radiolabeling with
99mTcO4

- using the standardized protocol gave >99%

radiolabeling. The radiochemical purity of 99mTc-HSA

remained >95% at 24h. The formulated cold kit was stable

Fig. 4: Drainage of lymphatic fluid from tumor site to
the lymph nodes through the sentinel node (blue)

Preparation of  HSA nanocolloidPreparation of  HSA nanocolloidPreparation of  HSA nanocolloidPreparation of  HSA nanocolloidPreparation of  HSA nanocolloid

Rigorous standardisation of the reaction conditions for

the preparation of HSA nanocolloid were carried out to

have a consistent particle size. The main contents of the

kit included human serum albumin (HSA certified for
human use), SnCl2, Na2HPO4 and ascorbic acid along with

Tween-20.  HSA solution was  added  stepwise. The

resulting solution was filtered and the solution was heated

at 55-60oC for 30 min and cooled.  The solution was

filter-sterilized and 1 mL aliquots were dispensed into

suitable sterile vials under aseptic conditions. The vials

were lyophilized and stored at 4-8 ºC. On addition of
99mTcO4

-, the final pH of the solution was ~5.0 to 5.5.

Particle size analysis of HSA nanocolloid was performed

by Dynamic Light Scattering (DLS) technique. Sterility and

BET tests ensured absence of microbial growth and

pyrogenicity. Radiochemical

purity of 99mTc-labeled HSA

nanocolloid was assayed

with paper chromatography

(saline), in which the 99mTc-

HSA nanocolloid remains at

the point of spotting.

Scintigraphy studies of
99mTc-HSA nanocolloid were

performed in rabbit using

the established footpad

model to assess popliteal
Fig. 6: Fig. 6: Fig. 6: Fig. 6: Fig. 6: 99m99m99m99m99mTTTTTc-HSA nanocolloid in two breast cancer patientsc-HSA nanocolloid in two breast cancer patientsc-HSA nanocolloid in two breast cancer patientsc-HSA nanocolloid in two breast cancer patientsc-HSA nanocolloid in two breast cancer patients

Fig. 5: Particle size analysis of HSA nanocolloid
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for at least six months when stored at 4oC. Bio-evaluation

studies carried out in rabbit model showed clear early

visualization of the SLN with retention at least up to 3h

post injection and minimal uptake in secondary nodes.

Fig. 6 is the image of the 99mTc-HSA nanocolloid study in

a breast cancer patient. The SLN could be successfully

localized in almost all the patients. Based on the

submission of the dossier containing the preparation, QC

and bio-evaluation of the radiopharmaceutical, the

Radiopharmaceutical Committee approved the

manufacture and supply of HSA nanocolloid cold kits for

use in patients for SLND.
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IntroductionIntroductionIntroductionIntroductionIntroduction

Neutron imaging has proved to be a powerful

nondestructive imaging technique. Neutron because of

its unique attenuation characteristics is often considered

to be complimentary to X-ray based technique. We had

earlier shown feasibility of conducting 2D and 3D

tomography at APSARA. However it was realized that for

obtaining a more precise tomography images, beam quality

and neutron flux needs to be improved. This is particularly

due to the fact that for tomography reconstruction,
projection data need to have good statistics, be free from

scattered noise and should have good collimation ratio.

With this aim in mind, we designed a neutron tomography

assembly at CIRUS. This assembly has been used extensively

by us providing very good result for a variety of objects of

interest in nuclear and industrial applications.

Traditional imaging methods such as absorption

radiography and tomography however have limitations

particularly when it comes to imaging objects with low

attenuation or distinguishing between objects with minor

differences in attenuation. Over the years, a new class of

imaging has emerged which overcomes these limitations

and uses phase, instead of attenuation, to form images

using neutrons. This technique, named as phase contrast

imaging, has been used successfully for X-rays. However

for neutrons, this technique is slowly gaining importance

particularly for objects which are neutron transparent. Such

materials include nuclear fuel cladding or deuterium

ingress in such cladding etc. The implementation of such

a phase imaging for neutron requires a coherent beam of

neutrons at least in terms of spatial coherence. This in

turn requires a special neutron collimator design. The

imaging system also needs especially designed to record

high resolution phase images.  In order to demonstrate

the feasibility of this technique, we have designed a special

collimator system and imaging system.

This paper gives brief overview on making of Imaging

beamline E12 at CIRUS for neutron tomography and phase

imaging and relevant results on neutron tomography,

dynamic neutron imaging and neutron phase contrast

imaging.

Design of optimized collimator assemblyDesign of optimized collimator assemblyDesign of optimized collimator assemblyDesign of optimized collimator assemblyDesign of optimized collimator assembly

We have designed a dual purpose use neutron collimator

keeping the application of tomography as well as phase

imaging. A collimator with L/D=125 has been installed

at CIRUS beam hole No.12. It is made up of 1S aluminum

tube of length 1921 mm and is kept in between inner

and outer gates. The inner aperture of the tube has been

defined by B4C annular disk and gadolinium disk so as to

give effective source size of 16mm. A bismuth plug is

inserted in the collimator at the inner end to reduce the

gamma radiation field.

Experimental HutchExperimental HutchExperimental HutchExperimental HutchExperimental Hutch

An experimental hutch as shown in Fig. 1 has been

designed for carrying out the neutron imaging

experiments. Borated polythene and Lead blocks constitute

the basic shielding blocks of the experimental hutch. The

sample manipulator has two-translation and one rotational

stage. The detector is kept also kept on an adjustable

stand and the detector is surrounded by shielding from

all sides. The Neutron detector basically consists of lens

coupled CCD camera and neutron scintillator. Lead and

borated polythene shielding box are also kept on a movable
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trolley in the rear side of the experimental chamber. This

serves as beam-dump when the neutron beam is ON. All

the controls are mounted in a separate control cabin.

Operation and control of sample manipulator, Detector,

monitoring camera etc can be remotely carried out from

this cabin.

dark spots correspond to presence of hydrogen blisters. It

may be noted that it is very difficult to do analysis of

depth to which hydrogen might have penetrated within

the bulk and hence for such purpose the 3D tomography

reconstruction is desirable. Fig. 3 shows the tomography

reconstructed data. The potential of neutrons to detect

hydrogen in high Z material in combination with neutron

tomography makes it an important tool for study of

hydrogen ingress within the bulk of materials. Fig. 4 shows

the reconstructed volume of a single blister which is of

inverted ellipsoidal shape.

Fig. 1: Photograph of experimental facility

Experimental results using Neutron tomographyExperimental results using Neutron tomographyExperimental results using Neutron tomographyExperimental results using Neutron tomographyExperimental results using Neutron tomography

and Phase imaging facility at CIRUSand Phase imaging facility at CIRUSand Phase imaging facility at CIRUSand Phase imaging facility at CIRUSand Phase imaging facility at CIRUS

Neutron tomography and phase contrast imaging

experiments were carried out at CIRUS reactor for various

samples. For neutron tomography, a collimator with

collimation ratio of L/D=125 was used. This collimator

has the provision to insert an additional collimator to vary

the size of neutron entrance hole from 0.5mm and 1mm.

This feature was used for conducting experiments on

neutron where due to requirement of coherence the

neutron beam inlet has to be reduced to pin hole of size

0.5mm to 1mm.

Study of Hydrogen blisters in zircaloy pressureStudy of Hydrogen blisters in zircaloy pressureStudy of Hydrogen blisters in zircaloy pressureStudy of Hydrogen blisters in zircaloy pressureStudy of Hydrogen blisters in zircaloy pressure

tubetubetubetubetube

A zircaloy pressure tube sample with hydrogen blisters

was especially prepared and used to test the capability of

detecting presence of hydrogen and its intrusion within

zircaloy matrix, in collaboration with MMD, BARC. Fig. 2

shows the radiographic data of the sample where the

Fig. 2: Radiograph of zircaloy containing
hydrogen blister

Fig. 3: Reconstructed profile of Hydrogen blister
(rendered green) using neutron tomography

Fig. 4: Reconstructed volume of blister using
neutron tomography
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Heterogeneous-distribution of Hydrogen onHeterogeneous-distribution of Hydrogen onHeterogeneous-distribution of Hydrogen onHeterogeneous-distribution of Hydrogen onHeterogeneous-distribution of Hydrogen on

zircaloyzircaloyzircaloyzircaloyzircaloy

Zircaloy coupons were charged with hydrogen having

different concentration by MMD,BARC. The charging

process can control both hydrogen concentration and its

uniformity. However we have used non-homogenised

hydrogen to study the feasibility of detecting

hydrogen distribution. Fig. 5 shows the neutron

radiograph of three samples mounted on

sample manipulator. The hydrogen content of

the three sample was 0 ppm, 50ppm and

100ppm. It is very obvious that conventional

from neutron radiography one can not detect

the presence of minute quantities of hydrogen

in samples. However the neutron-tomography

reconstruction (Fig. 6) we could detect the

distribution of hydrogen even upto 50ppm and

also the fact the charging process did not produce uniform

hydrogen distribution [1].

Neutron tomography of a TNeutron tomography of a TNeutron tomography of a TNeutron tomography of a TNeutron tomography of a Turbine bladeurbine bladeurbine bladeurbine bladeurbine blade

The first row of turbine blades used in power generating

gas turbines has to withstand high temperatures and stress.

Fig. 5: Neutron radiograph of zircaloy
with different hydrogen content

Fig. 6: Neutron tomography reconstruction of
hydrogen distribution (rendered Red) in the three
different samples (right  0 ppm, middle sample 50
ppm and left sample 100 ppm of hydrogen)

Fig. 8: Neutron absorption and Phase contrast image
of various samples

Fig. 7: Neutron Tomography reconstruction upper and lower part
of turbine blade
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Failure of the blades during operation can lead to very

high costs for repair and loss of power-production. To

investigate those blades three-dimensional (3D) neutron

tomography may be used for non-destructive evaluation

(NDE). The reconstruction of the top portion of the blade

and reconstructed volume of the body part is shown in

Fig. 7.

Neutron Phase contrast imagingNeutron Phase contrast imagingNeutron Phase contrast imagingNeutron Phase contrast imagingNeutron Phase contrast imaging

In phase contrast imaging methods images records a

special form of contrast generated due to a phase shift

induced by the object and determines the phase shift

quantitatively [2]. Phase information is generally lost in

measuring neutron transmission images due to absence

of required coherence for recording interference effect.

Specially designed collimators of pinhole sizes 1mm and

0.5mm were used to make a coherent neutron source.

The high resolution images were recorded on neutron

sensitive image plates.  Fig. 8 show some of the results of

neutron phase radiography. The acquired images clearly

show that there is an increase in sensitivity in phase mode

for neutron radiography as compared to conventional

neutron radiography.

Dynamic neutron radiography imaging of leadDynamic neutron radiography imaging of leadDynamic neutron radiography imaging of leadDynamic neutron radiography imaging of leadDynamic neutron radiography imaging of lead

meltingmeltingmeltingmeltingmelting

Neutron radiography has been used to online visualization

and study of lead melting [3-4] .This work was done in

collaboration with RTD, BARC and IIT, Mumbai. Solid lead

and liquid lead has a density difference of 6%

approximately. One surface of the cubical lead block is

heated from one side and temperature is increased from

room temperature up to its melting point.  Due to heat

transmission from the surface in to the bulk of the

material, the temperature of the specimen increases with

time. The heat transmission is caused by conduction as

well as convection hence a definite pattern of melted

portion is observed in the meting phenomena which gives

the information about the heat transmission process in

the bulk. The radiographic images were acquired

continuously and melting phenomena was observed

(Fig. 9).
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INDIGENISATION OF  REMOTE HEAD METERING PUMPS &
BELLOW SEAL BELLOW OPERATED VALVES

T.L. Rao and V.K. Savarkar
Nuclear Recycle Board

Shri V.K. Savarkar, Nuclear Recycle Board and his team received the DAE Group
Achievement Award  for the year 2010

IntroductionIntroductionIntroductionIntroductionIntroduction

Remote head metering pumps and bellow sealed bellow

operated valves are essential equipment for fuel

reprocessing and waste management plants. The zero leak

feature and reliability of both these equipment, the

accuracy and repeatability of the remote head metering

pumps are the features which make them essential for

handling highly radio-active fluids in these radio-chemical

plants.

Development of remote head metering pumpsDevelopment of remote head metering pumpsDevelopment of remote head metering pumpsDevelopment of remote head metering pumpsDevelopment of remote head metering pumps

Any fuel reprocessing plant typically needs 36 metering

pumps with capacities ranging from 5 lph to 600 lph.

Waste immobilisation plants require about 6 such pumps.

These pumps handle highly corrosive and toxic liquids.

The accuracy, repeatability, reliability of pumping required,

zero-leak requirement, radioactive nature of the liquids

handled and safety aspects there-off make these pumps

very special. Till date these pumps were imported as no

reliable source was available in India. Difficulties in

importing pumps could have led to a major bottleneck

for NRB projects.

Based on the experience with imported pumps,

indigenisation efforts were taken up with Indian pump

manufacturers.

These pump manufacturers were manufacturing metering

pumps for applications not requiring high accuracies. Also

pumps only with Teflon diaphragms (i.e. resilient

material and not metallic diaphragms as required

by us) were being manufactured. These pumps

had major problems like unstable metering action,

improper leak tightness, and inaccurate flow rate

adjustment, excessive pressure drops on suction

side, unsatisfactory NRV design, improper

suction and discharge connections and

unsatisfactory surface finishes. In addition to the

above the manufacturers had inadequate facilities

in manufacturing, QA and testing.Fig. 1: Remote Head

Fig. 2: Drive Head
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All the above problems were addressed during

development. Manufacturing methods were improved to

get proper contouring of remote heads for repeatable

performance for a given size of pump. The design of NRVs

was changed to sandwich type for ease of maintenance.

VRV sizing was done to get good metering stability. VFDs

were used for flow control. This led to ease of setting

flow rates and quick stabilising of flow rate. The suction /

discharge nozzles on the pumps were made with welded

design. The internal and external surface finishes were

improved by elctro-polishing for ease of decontamination.

QA procedures were set for each step of manufacture.

Facilities and procedures were set for testing components

and performance testing of assembled pumps. Pumps with

metering accuracies of  1%, Repeatability & Linearity of

3% have been achieved as required by API standards.

These pumps were tested at vendor’s works and in-plant

as follows:

A) At vendor’s works:

1) Performance testing on test bed,

2) Simulated testing,

3) Endurance testing: 6000 hrs. continuous running

under simulated conditions.

B) In-plant Testing:

1) In-plant testing at PREFRE with process fluids.

2) In-service testing at PREFRE for scrub solution

transfer.

C) Field application:

1) In-service performance during commissioning

2) In-service performance during regular operations

About 3 years of effort has gone into the successful

development of these pumps. Subsequently, 35

Nos. of these pumps have been installed and

commissioned at PREFRE-2, Tarapur and are being

used for radioactive service as a part of regular

operations. Four pumps have also been installed

at WIP(K) & five Nos. at  PRTRF  Trombay. Further,

30 pumps are being installed at project P3A,

Kalpakkam. This development is expected to

benefit all users and users like BETDD and PP are

also in the process of procuring pumps from the

same source.

Commissioning trials of all the pumps installed at PREFRE-

2, Tarapur, were carried out. This included performance

tests for confirming accuracy, linearity and repeatability

in the actual piping system in the field. Pumps of capacities

in the lower range viz. 0 to 10 LPH, 0 to 20 LPH and 0-40

LPH and 0-125 LPH for product purification cycles and

higher range viz. 0 to 300 LPH, 0 to 500 LPH and 0-600

LPH for organic feed and treatment, were tested at various

points in the capacity range. Metering accuracies of  1%

and linearity within  3% has been achieved in actual

field trials. Commissioning reports for the same were

prepared, reviewed and accepted. For the first time, these

pumps were operated and controlled directly from control

room using VVVFDs. The satisfactory performance of these

pumps was confirmed during integrated water trials in

the initial commissioning stage and with actual radio-

active process solutions in the hot commissioning stage.

Development of these pumps has also led to a major

financial saving e.g. An indigenously manufactured pump

costs about Rs.3 to 5 lakhs as compared to Rs.30 to 60

lakhs for a similar imported pump. This has resulted in a

saving of about Rs.12 to 13 Crores for a project like PREFRE-

2. More importantly development of these pumps in India

has led to providing a reliable indigenous source of pumps

and spares.

Development of bellow seal bellow operatedDevelopment of bellow seal bellow operatedDevelopment of bellow seal bellow operatedDevelopment of bellow seal bellow operatedDevelopment of bellow seal bellow operated

valvesvalvesvalvesvalvesvalves

Any Fuel Reprocessing plant typically needs about 100 to

150 Bellow Seal Bellow Operated Valves of sizes from

Fig. 3: Bellow Seal Bellow Operated Valve
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15 NB to 40 NB. Waste immobilisation plants require

about 30 Bellow Seal Bellow Operated Valves in the above

sizes. These valves handle highly corrosive and toxic liquids.

The zero-leak and reliability requirement due to the

radioactive nature of the liquids handled and safety aspects

there-off make these valves very special. Till date these

valves were imported as no reliable source was available

in India.

Based on the experience with imported items,

indigenisation efforts were taken up with Indian

manufacturers. Some manufacturers in India manufactured

manually operated bellow seal valves. There were no

manufacturers for Bellow Seal Bellow Operated Valves.

During development, valve designs were evolved.

Experience in working with imported valves was utilized

and good design features of various valves were adopted

to evolve the final design. Features like full bore, use of

Tefzel as MOC for plug and seals, bellow actuator, are

some of the features adopted. For the first time valves

were made maintenance friendly wherein the actuator

along with spindle and plug are made replaceable. This

will facilitate replacement of a failed valve in future without

cutting pipelines. Compact valve actuators were designed.

Selection of liquid sealing bellows and bellows for actuator

was an important step in design. Further, selection of

disc springs, number of elements to achieve required lift

of plug, pre-tension required, etc. were part of the design

detailing.

Manufacturing methods were improved at the vendor’s

works. This includes the critical steps like bellow welding,

spindle machining, spindle alignment, etc.  The QA

procedures were set for each step of manufacture. Facilities

and procedures were set for testing components and

performance testing of assembled items. Endurance

testing rig was specially made for the valves.  These Valves

have been subjected to rigorous tests like performance

testing on test bed, simulated testing, endurance testing

for 25,000 cycles and continuous running under simulated

conditions. Helium leak test was used for confirming no-

leak at various stages like, bellow weld stage, actuator

assembly stage and total valve assembly stage.

As a result of the efforts, Bellow Seal Bellow Operated

valves meeting Class VI requirements have been achieved.

The valves were further tested for in-plant conditions at

PREFRE-1 with process fluids. Subsequently, about 100

Nos. of these valves have been installed and commissioned

at project ROP, Tarapur. Valves have also been installed at

WIP(K), PRTRF  Trombay and P3A, Kalpakkam. The valves

installed at PREFRE-2, Tarapur are now in use in radioactive

service and giving a good performance.
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INNOVATIONS  IN DESIGN, CONSTRUCTION AND
COMMISSIONING  OF ADDITIONAL WASTE

TANK FARM (AWTF), TARAPUR

Umadevi K.
Nuclear Recycle Board

Smt. K. Uma Devi, Nuclear Recycle Board and her team received the
DAE Group Achievement Award  for the year 2010

Abstract

This paper briely describes all the innovations that has gone into the design, construction and commissioning stages of

Additional Waste Tank Farm, Tarapur. This  facility is an integral part of the reprocessing plant, PREFRE-II, Tarapur and

was commissioned  in 2011 along with PREFRE -II. Technology and experience gained so far in the field of high level

liquid waste storage is combined with innovative concepts in design and safety in AWTF to make it much more operator

friendly and environmentally safe compared to the existing waste tank farms.

General Description of the FacilityGeneral Description of the FacilityGeneral Description of the FacilityGeneral Description of the FacilityGeneral Description of the Facility

Additional Waste Tank Farm (AWTF), Tarapur is a facility

meant for the interim storage of the high and medium

active waste generated through PHWR spent fuel

reprocessing plant PREFRE-II operation, containing almost

100% fission product activity, in such a way that the

occupational workers, the general public and the

environment is not affected directly or indirectly. Facility

design is based on activity of high level waste generated

by reprocessing of PHWR spent fuel cooled for more than

three years.

After each batch of reprocessing operation, waste

generated has to be moved out to this storage facility to

ensure continuous plant operation. The waste thus stored

is meant for treatment and final disposal depending on

the nature of the waste and this is done in the waste

treatment facility located nearby the same site.

This waste tank farm facility includes:

a) A shielded transfer facility for transferring waste from

the generating point, ie, PREFRE-II to AWTF and also

from AWTF to Waste Management facility.

b) A shielded, valveless diversion facility for diverting

waste to the desired storage tank and emptying the

desired tank without causing any accidental siphoning.

c) A cluster of huge storage tanks of very high integrity

located in heavily shielded vaults providing a multi-

barrier containment. Refer Fig.1 for General

Arrangement of the Tanks.

d) Restricted Access Corridor where all services and utility

to the storage tanks are located.

e) Service Building to house a control room where all

the operations of the Waste Tank Farm can be carried

out, Waste Cooling Water room, off-gas plant room

and ventilation air supply fan room and exhaust room.

Refer Fig.2 for General Arrangement of the Service

Building.

Other than the above, to ensure safe storage and transfer,

a no. of systems are provided complying the AERB

recommendations to upgrade the engineered safety of

the liquid waste storage system.  They are :

 Transfer system with adequate stand-by modes and

routes.

 Cooling facility for HLLW storage tanks to remove

the decay heat generated by the  fission products.
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 Waste agitation and mixing provision by compressed

air for all storage tanks.

 Provision of introducing air  at the vapor space of al

HLLW tanks for diluting any   radiolytic hydrogen

generated.

 Tank Off-gas treatment and discharge.

 Ventillation system and RCC stack

  Instrumentation system for continuous monitoring

of tank conditions.

 CCTV, cameras and Access control system is provided

for restricted areas.

  Remote sampling system for taking samples from

the tanks and sumps.

  Critical systems such as WCW system, off-gas

treatment system, ventillation system,

compressed air  agitation system etc. are given  class

III power supply.

 Infiltration gallery all around the vault to maintain

underground water table well below the raft

automatically.

Innovations in Design for Improved SafetyInnovations in Design for Improved SafetyInnovations in Design for Improved SafetyInnovations in Design for Improved SafetyInnovations in Design for Improved Safety

A number of design innovations are incorporated in AWTF

as compared to the existing waste tank farms. They are:

 The tanks, barriers, and the civil structures are designed

to withstand the maximum potential earthquake  at

site, ie, Safe Shutdown Earthquake , in accordance

with the provisions of ASME Section-III, Division-I,

Subsection-ND.

 Existing horizontal tank design was modified to

seismically qualified vertical tank design.

 All tanks are made of Stainless Steel refined grade for

long life.

 Overhead shielded duct design with multiple

containment was used in place of underground ducts

for waste transfer.

 Routing tank concept was used  for waste diversion

to make the facility valveless.

  The complex AWTF vault piping was analysed through

3- dimensional modeling for SSE qualification.

Fig. 1: Plan, Elevation and Side view of AWTF vaults
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 Air-lift recirculator based  mixing system which uses

very less air compared to the existing systems.

 A complex design of cooling coil removes decay heat

and provide uniform cooling  to all tank contents,

with additional cooling for tank bottom and walls.

 The plant was designed for remote operation using

PLC and SCADA from main plant (PREFRE-2) and AWTF

control rooms.

 Adequate safety interlocks and cut-offs with back-

ups are built into the system.

 VVVF drives were used for ventillation exhaust fans

for energy saving and for reduction in DG capacity.

 Shielded plugs for vault lighting.

 An additional portable DG set for  power supply to

vital systems like cooling water system  and off-gas

system under post seismic scenario was provided.

Fig. 2: General Arrangement of AWTF Annexe Building.
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 Dedicated UPS with standby  for monitoring system

was used.

 CCTV and Access control system was incorporated

for improved physical protection.

Innovations in construction & commissioningInnovations in construction & commissioningInnovations in construction & commissioningInnovations in construction & commissioningInnovations in construction & commissioning

A unique in-situ fabrication methodology without

compromising quality standards was followed to perform

the challenging task of installing the huge tanks inside

concrete vaults. Laying of overhead shielded duct for waste

transfer needs special mention.  Routing of the duct at

site with minimum change to existing structures, keeping

the elevation requirements in open areas and at crossings

with existing facilities, integrating with existing facilities

without compromising shielding thickness etc. were

challenging tasks which were carried out with accuracy.

After completion of construction, systematic

commissioning activities were undertaken by the

commissioning team, following the methodology

described below:

 Dividing the facility into 37 sub-systems.

 Defeciency in each system was noted separately and

corrected.

 Commissioning procedures for each sub-system was

prepared.

 Following the above procedures, pre-commissioning

(equipment & line flushing, calibrations and transfer

route checking, no-load tests etc) and  cold

commissioning, (establishing design intent of each

system with water as test medium) was done. At this

stage, designated operation staff were inducted into

the commissioning team.

 Test reports were prepared for each sub-system, which

were reviewed by regulatory authority.

Recommendations were incorporated..

 Regulatory clearance was obtained for hot

commissioning based on the above reports.

 The facility was handed over to the operation group

for hot commissioning. Necessary training in the form

of classroom lectures and walk-throughs were also

given to the operation staff.

PerformancePerformancePerformancePerformancePerformance

Based on the improved design of the PREFRE-II plant, the

waste generation per Ton of fuel processed has come

down drastically and as a result, activity of waste is much

more than that has been handled so far. AWTF, Tarapur is

designed for this level of activity and is giving satisfactory

performance in terms of  safe transfer, storage and ease

of operation.

AcknowledgementsAcknowledgementsAcknowledgementsAcknowledgementsAcknowledgements

The author thanks Shri S. Basu, Chief Executive, NRB for

his valuable guidance , continuous support and motivation

in carrying out above activities. Author is also thankful to

all the engineers and support staff of NRB, Trombay,

Construction directorate, Tarapur and Operation Team of

PREFRE-II & WMF, Tarapur who were involved in various

stages of design, construction and commissioning and

operation of AWTF, Tarapur.




























































































































































































































