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to a storage tank. Air is injected at the bottom end of
the vertical tail pipes. The loop flow is generated due
to the density difference between two-phase air-water
mixture in the tail pipe and single-phase water coming
from water tank via downcomer. The two-phase flow
of air-water mixture then enters in the air-water drum
and air gets separated by gravity. The separated water
flows towards water tank via downcomer. Some of the
photographs of the installed facility are shown in
Fig. 2.

The different parameters to be measured are swell level,
pool void fraction and entrainment in air-water drum,
pressure drop in tail pipe and downcomer. The swell in
the air-water drum is measured by change in measured
levels. Flow measurement in the single-phase horizontal
pipe is carried out by calibrated pipe taps (pipe flow
meter). Pressure drop and level is measured with
differential pressure transducers or transmitters. Bubble
and droplet size distributions are measured using high
speed photography. Special provisions are built in the
facility to measure the entrainment and pool void
fraction.

Experimental work in Air Water Loop (AWL)

Steady state experiments on two-phase natural
circulation were carried out with different initial water
inventory and varying the air injection flow rates
simulating the AHWR conditions (Fig. 3). Steady state
circulation flow rates, pressure drop in single and two-
phase regions of the facility were measured and are

Fig. 3: Simulation of AHWR Void Fraction
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validated using in-house developed code. Also a
scenario similar to on-load refueling was experimentally
simulated in AWL. Initially all the channels are subjected
to same air injection flow rate. Air injection flow is
reduced to zero in one of the channel. The channel
acts as downcomer and reverse flow is observed. With
initiation of air injection in that channel flow is still
observed to remain in reverse direction. Only upon
further increasing the air injection flow rate, flow
becomes forward. Such hysteresis effect was found to
be dependent on the rate of change of air injection
flow rate. Fig. 4 shows the flow reversal phenomenon
observed experimentally. Figs. 5a and 5b show some
of the photographs taken for flow visualization during
experiments.

Fig. 4: Simulation of Flow Reversal Phenomenon

Fig. 5a: Flow visualization in the steam drum

Fig. 5b: Flow visualization in the water tank
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Moderator and Liquid Poison Injection Test Facility
(MLPITF)

A semitransparent scaled experimental setup of AHWR
calandria was designed, fabricated and installed for
moderator flow distribution studies. The model has
been designed in such a way that Archimedes number
is same as prototype. The model consists of calandria
shell with calandria tubes, inlet-outlet nozzles, etc. The
acrylic flanges and acrylic windows in the calandria shell
are provided for visualization purpose. In the model,
heat generation is simulated by direct electrical heating
of calandria tubes. The calandria tubes are connected
to the electrical supply through motorized auto
transformers. Local electrical control panel is provided
to operate the power supply system. The current,
voltage and power are measured. Various instruments
like magnetic flow meters, thermocouples, rotameters,
pressure gauge, level indicator and level transmitter
were installed in the test setup for measurement
purpose. Spatial temperature distribution was
measured using large number of thermocouples. Spatial
velocity distribution is measured by using pitot tube.
The data obtained are being utilized for computational
fluid dynamics code validation. The test facility has been
hooked up to a PLC based SCADA System. The
instrument signals from field are terminated to PLC
remote I/O modules in a local instrumentation control
panel. For safety purpose, software and hard wired trips
are provided based on high temperature signals.
Earthing was provided on calandria shell, transformers
and armour of cable for personal safety. Fig. 6 shows
the photographs of some of the components of MLPITF.
To carry out experiments on liquid poison injection and
its distribution inside the calandria, the components
of SDS-2 are installed and commissioned. The model
consists of a gas tank for pressurization of poison,
poison tanks and injection tubes for injecting the poison
into the moderator. Liquid Poison is injected in scaled
calandria through perforated headers. Eight poison
segmental circumferential injection headers are
provided at the middle of calandria. Each header has
nozzles for injecting poison into the moderator. On
the bottom tube sheet, perforated injection headers
are also provided. Poison and gas tank are connected
with these injection headers. A gas tank for pressurizing
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poison tank was connected through a quick opening
solenoid valve. Pressure gauge, pressure transmitter,
relief valve, nitrogen supply line, level gauge and level
transmitter were provided. Facility is hooked up to a
PLC based SCADA System. Experiments are conducted
at different injection pressures. Some of the
photographs of the installed facility are shown in
Fig. 6.

(b) Electrical and instrumentation
connection at the top the calandria

(c) Poison and gas tanks of liquid
poison injection system

Fig. 6: Photographs of the Moderator and Liquid Poison
Injection Test Facility (MLPITF)

201




BARC NEWSLETTER

Experimental work in Moderator and Liquid Poison
Injection Test Facility (MLPITF)

The experimental studies on moderator flow distribution
have been carried in the test facility. Experiments were
also performed on the liquid poison injection system
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for different cover gas pressures. Moderator flow and
Temperature distribution were complimented by
detailed three dimensional CFD simulations. CFD
simulations were performed using PHOENICS CFD code.
The poison distribution inside calandria was also
computed. Further, a computer code, COPJET is
developed which simulates gas expansion, system
piping, perforated injection headers and poison
progression into the calandria. The code results have
been compared with the data available in the literature
and with the PHWR data (Figs. 7 & 8).

Conclusions

Two experimental test facilities (AWL & MLPITF) for
thermal-hydraulic studies in steam drum, moderator
flow and liquid poison injection system have been
designed, fabricated, installed and commissioned.
Steady state experiments on two-phase natural
circulation were carried in AWL. Measured steady state
circulation flow rates, pressure drop in single and two-
phase regions of the facility have been validated using
in-house computer code. Flow reversal phenomenon
was experimentally studied and hysteresis effect was
found to be dependent on the rate of change of air
injection flow rate.

The experimental studies on moderator flow and
temperature distribution were carried out. The results
were simulated using a CFD code. A computer code,
COPJET was developed which simulates gas expansion,
system piping, perforated injection headers and poison
progression into the calandria. The code results have
been compared with the experimental data and data
available in the literature.
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Abstract

For the past several years,the electrolytic fluorine generation cells of 1500 A capacity are being operated for the

production of HEX gas. These Medium Capacity Cells (MCC) were initially deployed to meet the fluorine requirement
for producing HEX Gas needed for strategic purposes. Subsequently, it is felt that development of economically
viable higher capacity fluorine generation cells are essential for the future expansion programs. With the experience/
expertise gained over the period of years of operation of MCC, a 6000A capacity cell was contemplated, designed
and developed with improved techno- economic parameters. A test cell of this rated capacity was fabricated and
subjected to plant trials to collect vital operational data. Based on the collected information, appropriate design
modifications have been incorporated and a 6000 A cell has been commissioned successfully and integrated with
fluorination plant. This higher capacity compact cell is not only catering to the increased in-house requirement of
fluorine, but also paves way for the indigenous development of other fluorine based compounds such as production

of SF.&MOoF.
Introduction

Element alfluorine is a pale yellow gas which is
chemically the most reactive of all the elements.It is
capable of reacting with all of the elements, except for
the lighter noblegases. Generation off luorineis possible
through a chemical process, but it is not considered to
be an efficient or practical method. Electrochemical
route is the principal method for the industrial
production of element alfluorine.The electrochemical
route of fluorine generation, developed by H.Moissan,
originally used anhydrous hydro fluoricacid as the
media. The process was not particularly efficient due
to the low conductivity of HE. The molten salt method
was established later, using molten anhydrous KF-2 H
Fast heelectrolyte with carbonanode and steel cathode.
Fluorine has been produced industrially for the past 70
years, a majority of that production going towards the
nuclear industry for the manufacture of HEX gas for
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the isotopicenrichment offuelfor nuclear reactors. Other
applications offluorine includeits usein metallurgy,
thepreparationofsemi-conductors,organicfluoro-
chemicals,sulphurhexafluoride,and otherinorganic
fluorides.

For the past several years, the electrolytic fluorine
generation cells of 1500 A medium capacity are being
operated for the production of HEX gas at
ChemicalTechnology Group. Though these small cells
were initially deployed to meet the fluorine requirement,
for producing HEX Gas needed for strategic purposes,
there was a need for suitable scaling up so as to develop
economically viable fluorine generation cells, for the
future expansion programs.In this backdrop, the 6000
Amp cell was designed. Novel concepts like usage of
cheaper construction materials, high current density
and the consequent lower footprint were aimed at, in
making fluorine production more economical [2].
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Technical challenges were anticipated as regards
obtaining sustained high current density at the
electrodes, heat removal, avoidance of explosive
recombination, corrosion inhibition etc. The cell that
was initially designed and fabricated had to undergo
changes so as to meet many challenges. The
commissioning of the 6000 A cell, in the final
configuration, involved extensive trials and
modifications, the details of which are discussed in this

paper.
Design Consideration

The design involved understanding the hydrodynamics,
heat& mass transfer, and kinetics, apart from
electrochemical aspects. In contrast to the existing
MCC, the following design philosophies were taken into
account to make the cell compact and economically
cheaper in terms of capital and operational costs. The
cardinal approach for making the cell compact is based
on adopting an innovative anode activation procedure.
It is a prerequisite step that enables the carbon anode
to carry about 2 % times higher current density
compared to that of the existing MCC. By implementing
this concept, compactness of the cell size has been
accomplished.The higher capacity cell generates about
50 KW of heat. The heat removal is a herculean task
due to the reduction in cell volume. This calls for better
heat removal arrangement. This has been facilitated
by incorporating cooling coils for every single anode
assembly apart from jacket cooling of the body. Carbon
steel has been used for fabrication of tank and cooling
coils, which assumes a cathodic potential, thus getting
galvanically protected. During the idling condition,
these parts are cathodically protected through an
external arrangement. Due to the change of MOC to
carbon steel in lieu of Monel, the cost of the equipment
has been reduced significantly.

Configuration Of Test Equipment

The cell has eleven anode assemblies with individual
cooling arrangements. The cooling coils are
woundaround theanode assembly in a box like pattern
with close pitch. This is meant for effective heat removal
and lowering of the current density. In this
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arrangement, both the cooling coils and carbon steel
sheets act as cathode. The cell is loaded with 30 %
additionalelectrolyte compared to MCC. As the tank
has a negative potential, it is insulated from anodes by
fastening a PTFE mat at the bottom. In addition, each
anode assembly has been provided a PTFE strip at the
bottom as a barrier. The skirt & diaphragm of the cell
are connected by a flange joint & several small PTFE
parts have been used to achieve electrical isolation
between them, anticipating enhanced corrosion of the
diaphragm. This has also been introduced to circumvent
the recombination in the skirt region due to prevalence
of bipolar cell at the diaphragm .

Plant Trials & Observations

The test equipment has been evaluated for its
performance (Fig .1). During the trial run operations,
the following problems were encountered:-

a. Very high body to cathode voltage due to formation
of gas blanket in the coil corrugation and also non-
uniform current density which is attributable to the
coil contour;

b. Burning of the PTFE strip at the anode bottom
consequent to high amperage operation;

c. Dislocation of PTFE mat as a result of buoyancy.

Post-trial Modifications

Few skirt-diaphragm assemblies were operated without
isolator and were found to be satisfactory. Based on
this observation, the skirt was welded with the
diaphragm, avoiding several small components which
are difficult to assemble. Removal of the flange in
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between, gave more clearance between anode &
cathode,to facilitate easy assembly and more leverage
on ensuring verticality of the anode & cathode
assemblies to avoid electrical short circuit.The old &
new arrangements are depicted in the Fig.2. Similarly,
for making it more operator friendly with respect to
assembly and maintenance of the cell, many
components were also integrated.

I3 -4 (0) LD SORT-DARHRAIM ASSDNELY PG -0 B NOW SR TOUATHRASM ASSOMELY

Fig. 2: Showing pre & post Modification of skirt
diaphragm assembly

Modifications of the cathode

The rectangular box type cathode used in the test
equipment was replaced by a plain cathodic plate with
attached cooling coils on the rear side as shown in Fig.3.
This facilitated easy detachment of hydrogen bubbles
from the surface apart from more cathodic area &
uniform inter-electrode gap thus paving the way for
reduced cathodic voltage.

Fig. 3: Showing pre & post Modification of cooling
arrangement
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Improvements on the anode seal

Failure of seals and insulations, due to concentrated
heating resulting from anodic overvoltage, was reduced
[5] by the welding of anode lead to a cover plate and
shifting the insulation point to the periphery of the
cover plate, thus facilitating thermal dissipation (Fig.4).

P -Jowi O AMOEE LTAD WM

Fig. 4: Showing pre & post Modification in anode seal
assembly

Activation of carbon anodes

Technique was developed for in-situ activation of
carbon anodes to improve wettability of anode [3]. This
resulted in lowering of the working voltage and easy
detachment of evolved gaseous bubbles from the
anode surface. This could eventually modify the effective
surface area manifesting in very high current density.The
advantages of activation are elaborated in Table-1.

Table 1: Significant advantages of Activation

Figure of merit Pre- Post-
activation | activation

Current efficiency 90-95% 90-95%

Voltage efficiency 19.8% 22.2%

Energy efficiency 18.3% 20.5%

Anode to body voltage 6.5V 55V

Cell working voltage 9.6V 8.6V

Specific energy 14.6 13

consumption (kWhr/kg)

Space time yield 1.9 4.8

(kg/m3.hr)

Service life (Amp-hrs) 5X10° More than
double
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Miscellaneous

Contact resistances at anode clamping areas were
reduced by nickel plating [4], thus reducing the working
voltage and anode damage due to resistive heating at
the contact areas. The steel chamber of the cell has
been given suitable cathodic protectionto deter galvanic
reaction with the electrolyte during idling. PTFE mat is
fastened to each cooling coil frame as a barrier/masking.

Conclusions

Designing of a higher capacity electrolytic fluorine
generation cell merely based on operational experiences
of MCC and first principlesand then executing it to the
level of continuous industrial operation is true
demonstration of technical skills of various disciplines.
The 6 kA cell has been successfully designed, tested
and operated to its rated capacity continuously, for the
production of HEX gas. Based on the availability of
fluorine at high production rates, a plant for the
production of sulphur hexafluoride gashas also been
commissioned, which would be a stride towards
indigenization of the SF, production technology. It is
also envisaged to use this cell for the production of
MoF and other allied fluorine compounds.
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Abstract

Complex chemistry of mono-functional to multi-functional extractants such as: phosphine oxides, sulfoxides,

N-oxides, carbamoyl methyl sulfoxide, carbamoyl methyl pyrazole, diglycolamide, thiodiglycolamide and crown
ether with uranyl nitrate, uranyl bis ( -diketonate) and lanthanide nitrates was studied by using IR, NMR spectroscopy,
elemental analysis and single crystal x-ray diffraction methods. The structures of most of the isolated complexes of
uranyl nitrate with the ligands show that the uranyl group is surrounded by two nitrate groups and one or two
ligand(s) in a hexagonal bi-pyramidal geometry. The structures of uranyl bis ( -diketonate), mono-functional ligand
complexes show that the uranyl group is surrounded by seven oxygen atoms in a pentagonal bi-pyramidal geometry.
The structures of lanthanide nitrate complexes show that the metal ion has either a bi-capped square prismatic or
tri-capped trigonal prismatic coordination geometry, depending upon the ligands used.

Introduction

Tuberculosis caused by Mycobacterium tuberculosis
(MTB), is a public-health problem of global importance.
India carries one-fifth of the global burden of TB with
more than 350,000 deaths every year. The emergence
of HIV infection and a rising prevalence of multi-drug
resistant (MDR) tuberculosis have threatened the
effectiveness of standard chemotherapy such as Directly
Observed Treatment (DOTS)!. The rapid diagnosis of
pulmonary TB (PTB) is the most important step in TB
control as these patients are responsible for the
respiratory transmission of tuberculosis. As the
conventional techniques like AFB smear microscopy
lack sensitivity as well as specificity and ‘gold standard’
culture technique is labour intensive and takes too
long. it is important to develop a test which is rapid,
sensitive and specific. A test based on polymerase chain
reaction (PCR) fulfills all these criteria and hence such a
test was developed at RMC for diagnosis of tuberculosis.
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Many of the PCR tests for MTB detection, described in
the literature, are based on amplification of 1S6110
sequences that is believed to be restricted to members
of the MTB Complex2. The presence of multiple copies
of this element in the majority of MTB strains
undoubtedly enhances the sensitivity of PCR. However,
the discovery of occasional MTB strains lacking 1S6110
in India® however implies the possibility of a few false
negative results in the test with 1S6110-based PCR. To
overcome these problems, a PCR test was developed in
our laboratory targeting a house keeping gene of
M.tuberculosi coding for a 38 kDa protein, involved in
phosphate transport*.

Methods

Standardization of PCR test

PCR was standardized using a primer pair KD1and KD2
targeting 340bp segment of the 38kDA gene of MTB.
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The analytical sensitivity of the PCR test was found to
be 10fg which is equivalent to the DNA for 3 bacilli.
The test was shown to be specific only to M.tuberculosis
complex strains and did not give amplification with
various bacterial DNA as well as human DNA.

PCR test validation for pulmonary (PTB) as well as
extra-pulmonary tuberculosis (EPTB)

The PCR test was validated for PTB (168 sputum samples
from TB patients) as well as extra-pulmonary
tuberculosis (EPTB) (50 abdominal biopsies from
suspected abdominal TB patients and 60 CSF samples
from patients with TB meningitis cases (TBM). The test
was always performed in duplicate and one of the test
samples was spiked with positive control DNA to look
for inhibition of the PCR. Various procedures for
extracting DNA from clinical samples were evaluated
for their extraction efficiency and ability to remove
inhibitors. Silica spin column based extraction method
with modifications was found to be the most
satisfactory procedure. An indigenous TB-PCR kit
containing silica columns and indigenously produced
Taq polymerase was developed by RMC and JONAKI,
BRIT. The prototype kit was again validated using 110
sputum samples from PTB patients and 72 samples from
healthy controls.

Results

Initial validation of the standardized PCR test performed
with 168 sputum samples exhibited 77% positivity in

DNA extraction kit

AFB positive samples with 10 % of samples showing
PCR inhibition. Study with abdominal biopsies showed
sensitivity and specificity of 77% and 68% respectively®.
In the double-masked study of TBM patients, 73.3%
sensitivity observed with ethidium bromide staining
which increased to 90%’ by using Southern
hybridization and Enhanced Chemiluminescent (ECL)
method with biotinylated internal probe®. The prototype
kit showed sensitivity of 84% and specificity of 97%
respectively. A small batch of kits was then produced
and the kits were given to different hospitals for
evaluation. After a satisfactory feed-back, a bulk
production was carried out and a totally indigenous
kit which contains both column based DNA extraction
as well as PCR reagents was launched in the market in
Aug 2009 by BRIT and BARC (Fig 1 a & b).

Discussion

TB-PCR fulfills all the criteria for being an ideal
diagnostic test, in comparison to existing tests for early
detection of TB and hence justifies being the choice
of test. PCR is theoretically capable of amplifying even
a single copy of DNA. Further, all types of biological
specimens such as sputum, blood, bronchoalveolar
lavage, CSF, biopsies, pleural and ascitic fluid are
amenable to PCR analysis.

The PCR target used by us showed a very high sensitivity
and specificity and can detect cases infected by MTB
strains lacking 156110, proving its usefulness. The
elimination of inhibitors is one of the most difficult

PCR reagents kit

Fig 1. Indigenous TB-PCR kit
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challenges in the diagnostic PCR test. Use of silica
membrane in existing kit was observed to have great
efficacy for removing Tag polymerase inhibitors from
blood, sputum and other biological material and hence
no inhibition of PCR was seen, resulting in no false
negativity with our kit.

The diagnostic sensitivity and specificity of our kit is
comparable to the one observed by different
laboratories. Additionally, our test could also detect
52% of smear negative—culture positive TB cases and
22% of smear and culture negative TB cases which are
considered to be a challenge in TB diagnosis.TBM is
one of the common EPTB with high mortality where
definitive diagnosis is not possible as smear and culture
are rarely positive. A PCR test like ours with 90%
sensitivity will be very useful in the early diagnosis of
TBM. Abdominal tuberculosis is another important
EPTB which is difficult to diagnose due to the diagnostic
dilemma in histopathology. When AFB and culture are
negative, PCR is the only reliable technique that can
confirm the presence of MTB in the affected site and
further help in ruling out malignancy.

Simultaneously, a PCR test targeting 1S6110 was
standardized at RMC and was evaluated for the
diagnosis of bovine tuberculosis, tuberculous
meningitis and TB osteomyelitis (TBOM)’. After the
success of these studies, a multiplex PCR targeting both
38kDa gene (RV0934) and I1S6110 was developed at
RMC to further increase the sensitivity of existing TB-
PCR kit especially for the samples with lower bacterial
load and having MTB without 1S6110. The test was
evaluated using sputum samples from PTB patients and
non-TB controls. The multiplex PCR test is now going
to be part of modified TB- PCR kit marketed by BRIT.
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Abstract

Uranium Oxide Facility (UOF) being set up at Kalpakkam shall process Uranyl nitrate pure solution to convert the

uranium values into Uranium oxide product. The filtrate after Ammonium Diuranate (ADU) separation is a waste
liquid stream from this plant which mainly contains ammonium nitrate (—1M). A Denitration Plant (DNP) is to be
set up in the UOF premises, for thermal decomposition of ammonium nitrate into nitrogen/NO, and water. The
DNP will be based on fluidized bed thermal denitration process technology developed in the bench and pilot plant
facilities at Chemical Engineering Division (ChED). The pilot plant has a 300 NB denitration column and a feed
capacity of 50 Iph. The paper shares the operating experience gained with the nitrate stream in the pilot plant

facility.

Introduction

In uranium refining, purification of uranium by TBP in
nitrate medium is still the most acceptable technology.
Effluents containing nitrate are either sold for their
nitrate value after removal of activity or disposed
adopting dilution-dispersion methodology. These
methods, being site-specific and driven by market
forces, have their own limitations. Further, groundwater
is widely used as drinking water and nitrate
concentration in groundwater sources has been
increasing over the years due to extensive use of
fertilizers and discharge of industrial effluents. This
may bring further constraints on disposal by dilution-
dispersion method.

Uranium Oxide facility (UOF) is being set up at
Kalpakkam for conversion of uranyl nitrate solution
generated at the back end of the nuclear fuel cycle to
uranium oxide. The facility shall adopt ADU
precipitation route i.e. wet route for this conversion
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and thus generate ammonium nitrate at a
concentration of ~75 g /lit as liquid waste. Process
feasibility has been established for fluidized bed thermal
denitration of ammonium nitrate on the bench scale
facility starting with synthetic solution. Based on bench
scale experimental data, a pilot plant facility has been
set up at ChED. Information and design data collected
and technology developed on bench and pilot scales is
being deployed for treating ADU filtrate generated from
UOF plant, Kalpakkam. In case the situation demands,
this can be deployed for overcoming the problem of
disposal of ADU filtrate stream generated at the front
end.

The denitration process utilizes thermal energy to
decompose the ammonium nitrate into N, water vapor
and some NO, and is essentially an endothermic
process. In a fluidized bed denitrator, a bed of granular
solids viz. silica particles is fluidized by forcing air
upwards through a distributor plate and through the
bed of solids at a rate that suspends and causes rapid
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mixing of the solids to make them behave like a fluid.
The bed density is decreased roughly by 40% upon
fluidization. The rapid mixing that accompanies
fluidization results in uniform composition and uniform
temperature.

ADU filtrate can be concentrated before feeding to the
denitration column to increase efficiency of the process
and throughput. The solution is sprayed on the silica
particles in the form of droplets, which denitrates very
rapidly upon impact on the surface of the hot bed
granules. The process heat needed is supplied by
induction heater. Off gas generated is passed through
off-gas system. Unconverted ammonium nitrate
solution can be recycled back to the denitration column
after concentration.

Fluidized Bed Thermal Denitration Pilot Plant

The plant has 300 NB denitration column and has been
designed for a capacity of 50 Iph of feed. The plant
uses twin feed nozzle system i.e. two nozzles can be
used at a time for feeding. Each nozzle has a stand-by
that can be put on line if the active one gets choked.
Two induction heaters axially divided over the length
of the column have been used. The two heaters are
controlled independently using PID controllers. There
are 10 nos. K-type thermocouples provided at different
radial and axial positions inside the column for
monitoring bed temperature and additionally there are
3 thermocouples for measuring surface temperature
of the column. Preheated air is supplied to the column
for fluidization of the bed material. Bed inventory is
measured by using a differential pressure transmitter
and is controlled by varying the solid withdrawal rate
from the column using a non mechanical valve in the
withdrawal line. There is continuous addition of silica
particles at controlled rate to maintain particle size
distribution inside the bed.

The off-gas system comprises of two cyclone separators
and filter housings to remove entrained solid from the
off-gas. Unconverted ammonium nitrate is retrieved
along with the solution water in a heat exchanger. After
retrieval the gas is passed through water scrubber for
removal of NO,. NO, NO, and N,O concentrations are
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monitored at various points in plant using on-line gas
analyser.

Experimental Work

Parametric studies were carried out in the 300 NB
denitration column with synthetic ammonium nitrate
solution for optimization of operating conditions.
Effects of feed flow rate, temperature, fluidization air
flow rate, air to liquid ratio and nozzle orientation on
conversion have been studied. Feed concentration was
varied between 130 - 180 g/l in all the runs. Feed can
be introduced inside the reactor through single or two
nozzles at a time. It is observed that splitting of feed
through two nozzles gives higher conversion. Also
increase in conversion is observed with increase in

Fig. 1: Pilot Scale Denitration Column
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Table 1: Conversion as function of various operating parameters

Parameter | Temp.C

No. of Feed Nozzles | Feed rate | ALR Slpm of air/ | Fluidization Air| Conversion
and orientation LPH

Ipm of feed flow rate slpm | %

RUN 1 300 1, 45° upwards 20

830 800 42

RUN 2 300 1, 45° upwards 15

830 800 54

RUN 3 300 1, 45° upwards 15

780 800 57

RUN 4 350 1, 45° upwards 15

830 800 62

RUN 5 350 2, 45° upwards 20

780 800 61

RUN 6 350 2, 45° upwards 30

780 800 48

RUN 7 350 2, 45° upwards 40

780 800 38

RUN 8 350 2 , horizontal 30

780 800 48

RUN 9 350 2 , horizontal 30

780 600 49

RUN 10 370 2 , horizontal 30

780 800 56

RUN 11 370 2 , horizontal 30

580 800 64

RUN 12 380 2 , horizontal 30

520 800 71

RUN 13 380 2 , horizontal 30

520 800 69

temperature from 300°C to 380°C. Nozzle orientation
was kept upward initially and later other column
was used with feed nozzles placed horizontally. There
is not any effect observed on the conversion with the
change in orientation of nozzles. Fluidization air flow
rate has some effect on wall heat transfer coefficient.
However it does not seem to have much effect on
nitrate conversion. Operations with feed flow rates 20
Iph, 30 Iph and 40 Iph show that there is decrease in
conversion with the increase in feed flow rate. Decrease
in ALR (Air to Liquid ratio) also favours higher
conversion.

Experimental runs were carried out with two designs
of spray nozzles, SN1 and SN2. First set of runs were
carried out with SN1 nozzles and feed concentration
130 g/l, while the remaining runs were carried out with
higher concentration of 180 g/l and SN2 nozzles
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requiring lower ALR for the same sauter mean feed
droplet diameter. Increase in bed temperature, feed
concentration and decrease in ALR has resulted in high
ammonium nitrate conversion in later runs. The analysis
of various samples for ammonium nitrate concentration
has been carried out by Analytical Chemistry Division,
BARC.

Effects of various operating parameters on conversion
have been represented in the Table 1.

Conclusion

Thermal denitration of ammonium nitrate at a
concentration level of 150 g/l has been demonstrated
in the pilot plant. Upto 70 % conversion of ammonium
nitrate has been achieved and yield to N, obtained is
~90 %.
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Introduction

One of the challenges in developing suitable structural
materials for fusion reactor (ITER and DEMO) is to make
sure that they are compatible with the heavy meals
and alloys which have been the proposed as potential
coolants. India has proposed Lead-Lithium eutectic
(Pbg,Li,.) cooled Ceramic Breeder (LLCB) as the blanket
concept for testing at ITER. The LLCB blanket concept
proposes PbLi . eutectic as neutron multiplier,
secondary tritium breeder, and coolant for the CB zones
[1-2]. In the initial stages, a number of structural
materials, including various classes of stainless steels,
SiC/SiC, and vanadium based alloy (V-5Cr-5Ti) had been
considered for the construction of TBM. The best suited
material will be chosen by considering its thermo-
mechanical properties, capability to withstand high
neutron flux and most importantly compatibility with
the coolant. Lead lithium eutectic (Pbg,Li,,), has been
found to be highly corrosive to most of the structural
materials where the corrosion is mostly due to
dissolution of the constituent elements and not due to
chemical reaction. [3]. Thus, the extent of dissolution
of constituent elements from the proposed
containment materials will be the critical factor in
choosing the best candidate for fusion reactor
structurals. BARC took up this challenge and successfully
created and commissioned elaborate experimental
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facilities for development of heavy liquid metal
technology. Quick and significant progress has
been achieved in the materials front in a short
time and foremost among these is the development
of certain key aspects of liquid metal technology.
Liquid metal technology development in the context
of Indian TBM for ITER is one of the principal group
efforts in the Fusion Reactor Materials Section (FRMS),
BARC.

Liquid Metal Test Facilities

Liquid Metal loops

FRMS already had expertise to handle liquid metals like
lead-bismuth eutectic for the ADS project and had
operated liquid metal buoyancy loops for extended
periods of up to 10,000 h. With the ITER project in
hand, the above experience was used to develop liquid
metal technology related to lead-lithium eutectic.
Initially, buoyancy driven lead-lithium loops were
designed and fabricated. The hot leg and the cold leg
temperatures were maintained at 500°C and 400°C
respectively. The loops were operated for 1000 h by
keeping samples of 9Cr-1Mo (P91) material inside for
corrosion studies. The exposed 9Cr-1Mo samples were
characterised fully and the corrosion phenomenon was
studied in detail [4].
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Fig. 1: The first Buoyancy Loop installed with Pb-17Li

After successful operation of two such loops, a pump
driven (forced circulation) lead-lithium loop was
designed which demanded indigenous development
’ of liquid metal based components like electromagnetic
S - pumps, heat exchangers and flow meters. The
~ electromagnetic pump comprised of a S$316L channel
g having a wall thickness of 1 mm and a rectangular cross
section. The overall channel diameter was 300 mm and
the thickness of liquid metal contained by it was 8 mm.
The channel was housed between two rotating discs
where Samarium —Cobalt magnets were placed on the
discs with pairs facing each other. The electrically
conductive fluid (Pbg,Li, ) between these magnetic pairs
was moved by a Lorentz force generated by rotating of
P the magnets. The magnitude of pressure developed is
given by equation (i).
P

max

05 V, B> S L, K @)

Fig 2: Sectional View of the Electromagnetic Pump.

Where B is the magnetic field (T), 6 is the electrical
conductivity of the liquid (S.m™), V, is the velocity of
the magnetic field (m/s); L, is the length of the active
part of pump channel (m), S is the slip and K is the
coefficient accounting for transversal end effects. The
average flux between poles of the opposite magnets
was 0.42 T and the maximum pressure developed by
the pump at a speed of 1400 RPM was 4 bars.
The maximum discharge obtained till date has been
60 I/m.

All components were fabricated and a pump driven
loop was operated on lead-lithium eutectic for 2000 h
continuously keeping P91 samples inside. The
temperature of test section was kept at 550°C while
the temperature of heat exchanger was at 350°C. At a
rotation speed of 650 RPM from the electromagnetic
pump a liquid metal flow rate of 30 I/m was obtained.

MELTING
TANK

Fig 3: Liquid Metal Forced Circulation Loop showing all components.
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Recently, a 1.8T electromagnet has been procured and
a pump driven liquid metal loop based on lead-bismuth
eutectic was developed with the electromagnet
attached over the corrosion test section. After successful
operation of this loop for 1000 h, a similar loop with
lead-lithium eutectic is being now fabricated for
corrosion testing of P91 in the presence of magnetic
field.

Rotating Disc Test facility

Velocity of liquid metal flow is an important factor
affecting is corrosion behaviour at a particular
temperature. To study the effect of different flow
velocities on the corrosion behaviour of Pb.Li,, on
structural materials, rotating disc experiments been
planned at FRMS. For This purpose a magnetic coupling
based rotating disc reactor has been indigenously
designed and fabricated in house and has been
successfully commissioned. The initial experiment was
carried out to study the compatibility of P91 material
at 550°C in Pby,Li,., at a rotation speed of 1200 RPM
for 2000 hrs. An improvised rotating disc type test
facility was designed to study the compatibility of Indian
Reduced Activation Ferritic Martensitic Steel (IN-RAFMS)
with PbgLi . eutectic and experiment has been

completed by exposing an In RAFMS disc to PbLi, , at
550°C for 3000 h.

Static test facilities

A number of static test facilities have been designed
for studying the compatibility of structural materials
with Pbg,Li,, under various conditions of temperature
and material history. The corrosion behavior of
Fe9Cr1Mo steel samples in a static Pbg,Li, . eutectic melt
at 823K was analyzed in an especially designed necked
quartz capsule [5]. The samples were kept isothermally
for 2000 h. The changes in microstructure and
depletion of alloying components of the samples were
studied using scanning electron microscope (SEM),
energy disperses X-Rays (EDS) and electron probe beam
microanalysis (EPMA). Weight loss and thinning of the
walls were calculated by gravimetric analysis method.
Using these data the change in thickness per year was

calculated.
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Fig 4:- Rotating disc Corrosion test facility

Compatibility of Fusion Reactor Structural Materials

Corrosion of SS316L in Pb_Li .
The Corrosion mechanism of SS316L in flowing PbLi .
has been interpreted in detail based on the data
obtained from buoyancy driven loop and static
experiments. It has been observed among all the
alloying elements, nickel has the highest affinity to
dissolve into Pb,Li,, and thereby is the main factor
responsible for the formation of a porous ferritic layer
on the exposed surface of the steel facing PbLi, , [6].
The effect of oxygen ingress in Pb.Li,. loop has also
been analyzed thoroughly [7]. Novel techniques to
reduce the corrosion rate of SS316L through
introduction of nickel and oxygen in Pb,Li, . have been

investigated upon and satisfactory results have been
obtained.

Corroded
Layer

Fig 5: Corroded layer on the surface of SS316L exposed
to Pb_.Li  at 500°C for 1000 h

8317
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Corrosion of 9Cr-1Mo steel (P91) in Pb-17Li

The corrosion mechanism and corrosion rate of P91 at
500°C in flowing Pbg,Li,, has been established based
on the data obtained from buoyancy and pump driven
loops [4]. It has been observed that P91 is more resistant
to corrosion than SS316L primarily because of the
negligible quantity of nickel present in P91. The
deposition of corrosion products in the cooler regions
of the loops have been analysed and the deposition
rate of chromium has been found to be higher than
nickel 400°C. The corrosion rate of P91 disc exposed to
Pb,,Li,, at 550C in the rotating disc test facility after
2000 h has been found to be 0.119 mm/yr at a flow
velocity of 700 RPM. It has been observed that the
presence of magnetic field enhances the corrosion rate
by 2-3 times of the initial value and the interaction of
this magnetic field with the flowing liquid metal results
in results in localized corrosion leading to formation of
evenly spaced surface irregularities [8].

Table 1: Corrosion and Deposition rate of P91 samples
obtained from buoyancy loop.

Corrosion rate |Deposition rate

Samples at 500°C after | at 400°C after
1000 h 1000 h
(ug/cm?.h) (ug/cm?.h)
9Cr-1Mo (10mmx 17.4 1.25

40mmx2mm)

Recent Developments

A unique experimental set up has been designed and
fabricated to test the creep behavior of structural steels
in the presence of Pb,Li ., at a high temperature and
under a uni-axial tensile load. The stress on the sample
is indirectly applied through pressurizing of bellows
which are connected to the sample but placed above
the level of molten eutectic. The displacement of sample
along with time /temperature is measured by an LVDT
connected to the sample but isolated from the bellows.
The first experiment has been started in this set up with
a 170 mm long IN- RAFMS creep sample exposed to
Pb,.Li., at 823 K and under a uniaxial tensile load of

83717

200 MPa.
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The effect of magnetic field of the corrosion behavior
of INRAFMS will be studied in a unique set up where
the movement of liquid metal would be controlled by
a rotating magnetic field. The fabrication of such a set
up has been started and the data generated would
add to the earlier database and help in understanding
the corrosion mechanism of ferritic martensitic steel
exposed to PbgLi, under magnetic field at the
operating temperature of ITER.

Acknowledgements

We would like to acknowledge the dedicated effort of
all workshop and technical staff of MPD, BARC for
fabrication and setting up of all the test facilities.

References

1. Y. Seki, Journal of Nuclear Science and Technology;
26:1 (1989) 189-194.

2. E. Rajendra Kumar et.al. , Fusion Engineering and
Design, 83 (2008) 1169-1172

3. O. K. Chopra and D. L. Smith, Journal of Nuclear
Materials 155-157 (1988) 715-721

4. P. Chakraborty, P. K. Pradhan, R. K. Fotedar and N.
Krishnamurthy, Journal of Materials Research and
Technology, doi.org/10.1016/j.jmrt.2013.04.001

5. S. Kumar and N. Krishnamurthy, Fusion Engineering
and Design; 2012, doi 10.1016/
j-fusengdes.2012.01.014

6. P. Chakraborty, C. Das, S. Kumar and R. K. Fotedar,
The Transactions of Indian Institute of Metals,
[2012] 65(5):503-506

7. P.Chakraborty, R. K. Fotedar and N. Krishnamurthy,
Journal of Nuclear Materials, [2012] Volume 432,
Issue 1, p. 239-242

8. E. Platacis, A. Ziks, A. Poznjak, F. Muktepavela, A.
Shisko , S. Sarada , P. Chakraborty, K. Sanjay, M.
Vrushank, R. Fotedar, E. K. Rajendra, A.K. Suri,
Magnetohydrodynamics, (2012), Vol. 48 No. 2, pp.
343-350.

9. P. Chakraborty, S. Kumar, R. K. Fotedar, N.
Krishnamurthy, AIP Conference Proceedings, Vol
1538, pp. 34-37; doi:http://dx.doi.org/10.1063/
1.4810028

216




BARC NEWSLETTER

O&M OF HEAT TREATMENT VACUUM FURNACES AND

THEIR LIFE ENHANCEMENT BY INNOVATIVE

MAINTENANCE TECHNIQUES

James Jacob M., Shanmugavelu P., Eswaramoorthy C. and Vaiyapuri K.
Chemical Technology Group

Shri James Jacob M. and his team received the DAE Group Achievement
Award for the year 2011

Abstract

Vacuum heat treatment processes such as solution annealing and age hardening are being employed during the

manufacture of thin walled Special high strength steel tubes required for “High Speed Machines Program” of the
department. Three vacuum furnaces are being used for the past 2 % decades for supporting the heat treatment
activities. Innovative maintenance techniques were introduced for enhancing its service life beyond the design life
by about 2 folds that avoided expenditure of few crores of rupees, apart from providing energy efficient safe
operation. The throughputs from the furnaces have been enhanced considerably by the use of suitably designed
fixtures to cater to different sizes of our jobs.From the expertise gained over the period of several years of operation
of vacuum furnaces, a furnace has been designed, developed and commissioned indigenously by incorporating
additional features providing O&M friendly controls along with safe& energy efficient systems.

Introduction

Special High Strength Steels (SHSS) derive their strength
not from carbon but from precipitation of intermetallic
compounds and martensitic transformation ®. The
commonly available SHSS contain Ni, Co, Mo, Ti and
Al. These steels develop very high strength by
martensitic transformation and subsequent age-
hardening. Hardness comes due to formation of inter-
metallic phases of Ni.Ti, Ni,Mo and Fe,Mo. SHSS have
found applications where ultrahigh strength and high
toughness are essential. Due to their high strength/
density ratio, SHSS have been used for making thin
walled cylindrical tubes. The process of making the SHSS
tube is a complex one that involves heat treatment
processes such as solution annealing and age hardening
at different stages. In order to manufacture the
cylindrical tube, flow forming technique is employed.
SHSS preforms of about few mm thickness are cold
formed by multi stage flow forming operations and
are brought down to less than 0.5 mm thick thin walled
tubes of desired length. Intermediate solution annealing
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process is carried out on the pre-forms to make them
suitable for further cold working operations. Solution
annealing process involves controlled heating of the
charge under vacuum to about 900° C and furnace
cooling to an intermediate temperature followed by
forced cooling using dry nitrogen gas. This process is
typically the precursor to an age-hardening operation
for precipitation of hardenable alloys. Solution
annealing provides complete re-crystallization and
ensures the formation of a fully austenitic structure from
which martensite can form on cooling. The finished
assembly is age hardened that provides the optimum
strength and toughness.The nature of the Special high
strength hardening mechanism is such that close
dimensional control can be maintained in component
that are finish machined in the soft, annealed condition
and subsequently hardened. The solution annealing and
age hardening of the SHSS tubes are carried out in
vacuum furnace due to its neutrality of vacuum as a
protective atmosphere and the ideal surface quality
obtained during the course of heat treatment. In
vacuum systems, there is a total separation of the
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furnace working area from the environment which
permits precise and effective heat treatment processes
to be carried out. Additionally, continuous advancement
in the area of effective gas quenching makes vacuum
furnaces a sophisticated, economical and
environmentally friendly alternative to the majority of
atmospheric heat-treatment technologies and oil
quench.

Three Vacuum Heat Treatment Furnaces (VHTFs) have
been installed and operated for the past 2 ¥2 decades
for providing the heat treatment support to our
program. Innovative maintenance techniques were
introduced to extend its service life beyond the design
life, enhance the process throughput and make it energy
efficient for safe operation. In this paper, the innovative
maintenance techniques followed by us are described.

Use of VHTF for our program

‘e Three vacuum furnaces have been installed and
operated for the past 2 ¥ decades for providing the
following heat treatment support.

& Age Hardening Treatments on finished SHSS rotors.
SV Intermediate solution annealing treatment of cold

Lol serviced SHSS Preforms.

- Baking of electroless nickel plated components to
enhance the adhesion of the coating.
Heat treatment of Inconel rings.

* The vacuum furnaces used for the above applications
are made up of double walled stainless steel chamber
with all-metallic-hot zone using Molybdenum as
heating elements and radiation shields. The hot zones
are of modular type having 3 zones of total connected
power load of 250 KVA. Effective hot zone size of the
furnace is of diameter 700 x 2200 mm height having
maximum charge loading capacity of 400 kg at 1000°C.
Ultimate vacuum achievable is 1 x10® mbar with
vacuum pumping system consisting of diffusion pump,
roots pump and rotary vane pumps. It has inbuilt inert
gas recirculating fast cooling system.

Innovative Maintenance Techniques Followed

The vacuum furnaces are being operated and
maintained in good working condition for more than
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25 years till date by adopting innovative techniques
for its operation and maintenance. We have successfully
carried out few thousands of heat treatment process
cycles in each furnace. From the beginning, we have
implemented Total Productive Maintenance concepts
to make effective use of the equipment and maintain
good production conditions. Few of the noteworthy
maintenance techniques adopted are mentioned here.

Reconditioning of heat shields for Life enhancement

All metallic hot zone of the vacuum furnaces consists
of heating elements, charge carriers and inner two
radiation shields made of molybdenum and the outer
three radiations shields made of stainless steel (Fig.1).
The design life of the molybdenum radiation shields
are limited to about 10 years. Replacement of heating
shields after its designed service life is essential that
incurs a large expenditure in foreign exchange. But
we have adopted an innovative technique of
overhauling the hot zone that involved multistage
buffing followed by ultrasonic cleaning using suitable

Fig. 1: Top-Overall view of hot zones of Vertical furnace;
Bottom- Dismantled view of single hot zone
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solvents. This process had brought back the original
emissivity to the radiation shields enhancing the life of
the hot zones apart from providing improved surface
quality of the heat treated parts. This maintenance
process is a herculean task that involved handling of
molybdenum radiation shields which are highly brittle
in nature. Implementation of this innovative
maintenance concept not only avoided a large
expenditure in foreign exchange, but also enhanced
the service life beyond 25 years.

Hot zone cleaning cycle

The heat treatment process temperature is limited to
900° C for our routine production activities. During this
process, there is a possibility of deposition of volatile
materials originating from the charges. This may reduce
the efficiency of the heat shields. In order to overcome
this problem, a hot zone cleaning cycle is implemented
for every 25 batch of process. In this cleaning process,
the furnace is heated to 10000°C for an hour by which
the efficiency of the heat shields is increased as a result
of burning out the deposited volatile materials.

Upgrade of furnace control system enhancing the
availability factor

The originally supplied furnace had relay logic based
hard wired control system, making it impossible to
maintain the equipment in good working condition.
Furnace has been upgraded to PLC &HMI based control
system that provides flexibility to alter program logic
sequences, apart from providing supervisory control and
data acquisition.Subsequent to the implementation of
the PLC based Control System, a number of
modifications in the process interlocks and their
sequence were introduced. The additional logic
introduced in the sequence of operation for the
pumping system has resulted in energy saving of the
order of 100 KWH per process cycle amounting to 40%
reduction approximately.

Introduction of Safety interlocks

The overall safety features of the High Temperature High
Vacuum Furnaces have been enhanced considerably
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by adding a number of safety interlocks as detailed
below.
Introduced a pre-condition to initiate fast cooling
cycle, ensuring elimination of accidental admission
of dry nitrogen gas at elevated temperature.
To avoid accidental incident of switching on the
pumping system when furnace lid is in open
condition, proximity sensor was mounted which
acted as fail safe precondition to initiate the process
cycle.
Position sensors were also incorporated in the fore-
vacuum rough-vacuum and holding line valves
ensuring fail safe operation.

Reconditioning of ceramic insulators

The furnace has three heating zones each of which is
equipped with cylindrical Mo sheet as heat reflector
and Mo heating wire. All-Metallic- Hot zones of these
furnaces are separated from the furnace body with the
aid of high purity alumina based ceramic electrical
insulators. Each furnace has around 200 such ceramic
insulators in the shape of bobbins and sleeves. After
few years of operation, we have observed frequent
blowing of fuses in the thyristor based heater control
systems. This was finally attributed to electrical short
circuiting in the heater assemblies.Upon investigation,
the ceramic insulators were found to be coated with
Mo to few microns thickness as confirmed by EDXRF
spectrometer. Deposition of Moover the ceramic
insulators has taken place due to the use of Mo
radiation shields/heating elements in vacuum condition
during the operation of furnace over a period of several
years. This resulted in deterioration in the insulating
property of the ceramic insulators. As spare ceramic
insulators of special dimensions are not readily available,
a special reconditioning procedure was developed. All
the insulators were removed from the furnace and
subjected to suitable chemical treatment process for
the selective removal of Mo deposits from the ceramic
insulators. All the insulators are salvaged by adopting
this innovative chemical treatment process and
reassembled successfully for the safe operation. Based
on this experience, this reconditioning procedure has
been included in the Total Preventive Maintenance
protocol.
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Design and fabrication of fixtures

We had designed and fabricated different fixtures for
loading tubes as well as the finished products for
annealing/age hardening respectively in the vacuum
furnaces. The requisite design & material selection for
the fixtures were based on the properties at elevated
temperature of the order of 1000° C.

Fixtures for age hardening and annealing

In our earlier design of the fixture used for age
hardening, the rotors are directly resting on the fixture’s
bottom plate, which in turn are placed on the hearth
of the furnace. This fixture cannot be used for our newer
designs of the work, having flexible elements, due to
the possible distortion on the thin sections. So, we had
developed a different design of fixture as shown in
Fig 2. In this design, the long ‘Tube-Assemblies’ are
loaded in the suspended conditions from the top plate.
An intermediate plate takes care of guiding at the
bottom. This design eliminates the possible distortion
of the Tube-Assemblies’.

B

Fig. 2: Universal type age hardening fixture
accommodating different designs of rotors in multi
tired orientation
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In order to reduce the inventory of fixtures for different
sizes/designs of the finished products, we had also
developed fixtures that can be universally used for
accommodating different sizes/designs of the finished
products/tubes in multi tire orientation. This resulted
in enhanced throughput apart from considerable cost
saving in manufacturing of multiple fixtures. Similarly
universal fixture as shown in Fig.3 is fabricated for
annealing treatment of SHSS preform tubes for
increasing the process throughput. In this design,
regular diameter pre-form tubes are placed inside the
higher diameter pre-form tubes.

s

Fig. 3: Annealing fixture for accommodating regular
dia preform tubes inside the higher dia tubes

Fixture for vacuum baking of Nickel plated components

Few of the carbon steel components of the HSR
machines are coated with nickel to few micron thickness
by the process of electro less nickel plating. During the
process of nickel plating, hydrogen gas is likely to be
trapped in the coating, which needs to be removed.
Vacuum baking at about 200°C for few hours often
relieves the hydrogen and also enhances the adhesion
of the deposit @. Furnace used for baking operation
imposed a limitation on the length of plated
components such as housing whose length is about 2
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meters. In order to accommodate such lengthy
components for baking, special fixtures had been
designed & fabricated to load the job in an inclined
manner as shown in Fig. 4 taking the advantage of
increased space diagonal of the effective hot zones.
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Fig. 5: Comparison of additional features incorporated
in the indigenously developed furnace (Left half) with
one (Right half)

Fig. 4: Fixture used for baking of long housing in
inclined orientation

Indigenous development of Vacuum Furnace

;i._\m":_!n_nu,. '

~ Based on the expertise gained over the decades of

- operation and maintenance of the furnaces, work was

:';; undertaken to design and develop Vertical Vacuum

R - Furnace Indigenously in association with NFC,

- Hyderabad.The following additional features were also
incorporated in the indigenously developed vertical
vacuum furnace (Figs.5-6).

Wide Band Heating Elements for uniform heat
distribution.

Fully Automatic operation through PC mode and
also manual mode through Control Desk mode.
Doped Molybdenum based Hot Zone for life

enhancement. Fig. 6: Overall view of vertical vacuum furnace

Low Voltage across Heating Elements

Health monitoring gauges for individual pumps for Avoided looping of cooling water circuits by
easy maintenance. providing individual cooling water line to the
Incorporation of quadruple mass spectrometer gas chambers.

analyzer. Load hanging fixtures for flexible membered tubes.
Gas Plenum for effective fast cooling. Drain ports for complete removal of water from

the jackets to avoid corrosion.
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Wheels on the bottom lid frame for easy
maintenance.

Conclusions

From the past experience gained during the operation
and maintenance of industrial vacuum furnaces for heat
treatment applications, a number of design features
have been incorporated for the indigenously developed
vacuum furnace, which results in safer and energy
efficient operation.
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Abstract

Chemical Engineering Division (ChED) has successfully developed the process for synthesis of Di-Cyclo Hexano 18
Crown 6 ether (DCH18C6) ligand, which is selective for strontium, on bench scale. Initial extraction experiments

were carried out in ChED with simulated waste solution and later by radiometric analysis in FRD and WIP laboratories.

Finally, quantitative recovery of strontium was successfully demonstrated from the actual Thorium Lean Raffinate
(TLR) using the in-house synthesized solvent in five stage mixer — settler experimental facility set up in a fume hood
of WIP laboratory. The details of these developmental studies are described in this paper.

Introduction

The crown ether, DCH18C6, has a very important
application in back end of the fuel cycle for recovery of
strontium from the actinide—free waste streams. TLR
stream is generated at FRD during the processing of J-
rods of CIRUS reactor. The composition of the raffinate
stream after recovery of uranium and thorium are given
in Table — 1. Major radioactive elements are Cs and Sr
in acidic medium. There is a good demand for Sr°
which is required for generation of Y which is an
important radionuclide for therapy in nuclear medicine.
Sr® finds use as heat source in radio isotope
thermoelectric generators and as radioactive tracer in
medicine & agriculture. Itis proposed to recover Sr from
the active waste stream first by solvent extraction with
DCH18C6 followed by recovery of Cs with Resorcinol
Formaldehyde resin.
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Synthesis of DCH18C6 on bench scale

The bench scale synthesis set up has a batch size of 1
kg of the crown ether DCH18C6 and its precursor
DB18C6. The set up consists of 85 liter hastelloy reactor,
25 and 10 liter glass reactors for solvent recovery, 25
liter SS autoclave for hydrogenation, electrode boiler,
5 TR chiller unit etc. The bench scale synthesis runs
were conducted through round the clock shift
operations. The DB18C6 was synthsised in a ventilated
enclosure with about 35% yield and more than 98%
purity. Bio Organic Division, BARC has assisted in
improving the yield of product. DCH18C6 was
synthesized through high pressure catalytic
hydrogenation in 25 liter SS autoclave in a semi open
area, custom made for this purpose from safety point
of view. DCH18C6 was synthesized with more than 90%
yield and more than 98% purity.
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Table 1: The composition of TLR used for mixer settler experiments

Properties

TLR waste

Adjusted TLR Feed to MS

Molarity (M, H*)

3.7

Specific Activity, mCi/l

Gross Beta 16.64 15.07

Gross Alpha ( Th)

1.56x%10?

1.3x102

Isotopic Constituents, mCi/l

Cs-137

7.00 6.0 (0.0697 ppm)

Sr-90

4.60

3.92 (0.0284 ppm)

Sh-125

1.37%<107?

1.22%10?

Tc-99 5.0%107%

4.44%10°%

Ru-106

3.2%x107%

2.84%10%

Al (g/l)

1.77

F (ppm)

267

Strontium extraction — Batch experiments

A set of experiments involved batch contacts of aqueous
and organic samples intimately contacted at least for
10 min for attaining the equilibrium condition before
separation for analysis. All the strontium analyses were
carried out by doping with necessary amounts of active
Srés+8_ Pure component data for distribution coefficient
of strontium and various impurities likely to be
encountered in waste streams, effect of nitric acid
concentration, etc. were studied.

Effect of molarity of nitric acid in the feed solution:

Experiments were conducted to optimize the
concentration of nitric acid in the feed to achieve
maximum uptake of Sr using 0.1M DCH18C6 in the
mixture of 20% Octanol + 80% Toluene. It was found
that Sr extraction increases with increase in conc. of
nitric acid upto 4 M, thereafter, it remains more or less
constant. Hence, optimized concentration of 4 M is
used for further studies.

Studies on pure components:
The major elements present in the HLW matrix were

studied for their extraction by the DCH18C6 and the
distribution coefficients were evaluated. It was noted
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that most of the constituents of the HLW like Cs, Ru,
Ce, Eu, Am, U, etc are not extracted to any significant
level. It was also noticed that Pu is significantly extracted
especially at higher acidities (K,=25 at 3N and 26.5 at
4N).

Studies on selectivity of DCH18C6 in octanol diluent
for Sr in presence of competing actinide elements:

The effect of major elements which are likely to be
present in HLW or TLR like Pu, U, Th and Na were studied
for their effect on Sr extraction and to find any limiting
concentration for better selectivity. It was noticed that
thorium is extracted to a small extent at 4.0M acidity
in feed. But upto a concentration of 2000 ppm, no
significant effect is seen on D, (2.8 to 3.2 at 4M) Less
than 3 mg/l Pu content in HLW does not affect Sr
extraction.

Strontium extraction — Continuous contact experiments

Continuous counter current studies were carried out
using 5 stage mixer settler, each stage having 125 ml
mixer and 375 ml settler (Fig. 2). All the experiments
were carried out in one of the fume hoods having
adequate shielding at Process Control Laboratories of
WIP with the DCH18C6 synthesised in ChED.
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Since the TLR waste had free acidity of about 2M, the
same was adjusted to about 3.7M by the addition of
conc. nitric acid to exploit the higher distribution
coefficient. The details of extraction and stripping
parameters are given below:

Feed activity of Sr: 3.92 mCi/l

Concentration of Sr = 0.0284 ppm (based on
specific activity of Sr®® as 138Ci/g)

Flow rate of Aqueous: 25 ml/min; Flow rate of
Organic: 25 ml/min

Volume of organic: 71 (0.1M DCH18C6)

Activity of loaded Organic (based on activity balance
during extraction): 3.86 mCi/l

Only aqueous streams could be analysed for Strontium.
Strontium in organic was estimated based on average
D value of 3.2. Cumulative raffinate was found to

Fig. 2: 5 stage mixer settler unit

contain 6 x 102 mCi/l of Sr and 5.8 mCi/l of Cs. Based
on Sr and Cs activity in the feed and raffinate, the
Decontamination Factor (DF) with respect to Sr works
out to be 65.

More than 99% strontium was stripped in 3 stages.
Activity balance shows complete stripping of the loaded
organic. Concentration profiles of strontium in various
stages of mixer settler for extraction and stripping are
given in Fig. 3. Product solution showed 3.86 mCi/l of
°Sr and 0.12 mCi/l of *¥Cs indicating negligible
crosstalk of Cs during extraction and stripping cycle.

Conclusion

The demonstration of the extraction experiment has
shown overall recovery of strontium from TLR is more
than 98.5% based on the feed activity and cumulative
raffinate activity. Three diluent combinations were
tested namely Octanol, Octanol + Toluene and Octanol
+ Xylene. All were found suitable for strontium
recovery. Octanol is better suited for feed streams,
which does not have impurities like Ba, K, etc. from
the point of view of lower volatility. The vapor pressure
and flash point of octanol are close to dodecane. The
only impurity identified in the product is Cs which is
about 3% of the total product activity. Purity of the
product can be improved to the desired extent by
incorporating acidic scrubbing step. The Sr®® content
can be concentrated from the final product strip
solution by evaporation followed by carbonate
precipitation. The recovery
of Sr% from feed stream to

Extraction

Sractivity (mCi/lit)
g
Sr activity (mCi/lit)

0.01 ]
0 1 1 3 4

w

Stage Number

Stripping » | strip is more than 98%.

DCH18C6 solvent system is
also suitable for strontium
recovery from actinide—free
HLW. The flowsheet

finalization may require
some experimental work

Stage Number with HLW.

Fig. 3: Steady state stage wise concentration profiles of Sr in the mixer settler
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Abstract

This paper reports indigenous development of a plasma spray coating process as a corrosion barrier for containment
of molten uranium. The uniqueness of this work arises from the fact that the entire process was developed in-
house starting from raw powder from IREL, the preparation of spray grade feed material, achievement of optimised
plasma spray coating of yttrium oxide on graphite and tantalum substrates and finally extensive qualification tests
that included development of necessary equipment and procedures. Commercially available yttrium oxide powder
( 2-5 micron size) from Indian Rare Earth Limited, India is used as the starting material to prepare plasma spray
grade yttria powder(30-75 micron). The plasma spray coating was optimised through process modeling,
experiments, post processing and coating characterization to evolve the range of operating parameters for best
results. Long term corrosion experiments of yttria-coated tantalum coupons immersed in molten uranium at
1573K showed that yttrium oxide-coated tantalum crucible and substrates withstood more than 400 hours of

continuous exposure to molten uranium.

Introduction

Plasma sprayed coatings of metals and ceramics are used
for protecting materials in many specialized applications
involving thermal barrier, corrosion barrier, electrical
insulation etc. where basic structural strength of the
base material is maintained. In nuclear industry in
particular, development of long duration corrosion
resistant coatings to handle actinides in high
temperature liquid or vapor phase is one of the key
applications of plasma spray technology. Though, for
a number of years, aluminum oxide coatings are being
used for casting uranium metal, it has certain drawbacks
due to its poor thermal shock resistance and its instability
under reducing conditions. Above 1200°C, alumina is
reduced to its gaseous sub-oxides in vacuum or in
presence of carbon, hydrogen, and other reducing
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gases. Further, aluminum oxide is not suitable for long
duration handling of molten uranium and other reactive
metals. Therefore, development of alternate ceramic
coatings for containment of uranium and its alloys has
been a major research issue.

Amongst the alternate materials, Yttrium oxide has
excellent thermal stability up to its melting temperature
and also possesses superior resistance to aggressive
chemical attack by molten metals, salts and slag at high
temperatures. Though commercial yttrium oxide
powders are available, they are mostly not spray grade
and hardly any literature exists on methods of
preparation of thermal spray grade Y,0, powder and
development of plasma sprayed yttrium oxide coatings.
In view of the urgent need of the Department,
developmental study on plasma spray deposition

226




BARC NEWSLETTER

of yttrium oxide was undertaken. Since the precursor
powder used for plasma spray deposition is not locally
available and is to be imported, a process to make free
flowing yttria powder was developed as a part of
indigenization of this entire technology.

Synthesis of plasma spray grade yttrium oxide powder

Plasma spray-grade yttrium oxide powder, synthesized
in our laboratory, was used as the feedstock material
for plasma spray deposition. Commercially available
99.9% chemically pure yttrium oxide powder from IREL,
India, was compacted at about 207 MPa and sintered
at 1873K for 4 hours. The sintered mass was crushed
into smaller chunks, milled and the powder fraction in
the size range of 38-75 micron was used for plasma
spray deposition studies. This powder was found to have
near-spherical morphology and good flow
characteristics®.

Modeling and Simulation of Plasma Spray Process

Computational fluid dynamic and heat transfer
simulation was carried out for the powder laden plasma
jet to estimate the velocity and thermal history of yttrium
oxide particles in the plasma jet. A two-dimensional axi-
symmetric plasma jet model was developed to simulate
the plasma jet velocity and temperature for different
gas flow rates and input powers. This was used to obtain
heat and momentum transfer from the plasma to the
particle. Particle temperature and velocity at various
operating parameters obtained from simulation studies
provided a window of operating parameters for process
optimization. Experimental studies were then limited
to the range of parameters within this window to
optimize the process. Coating adhesion strength was
used as the response parameter for process
optimization, which was done by maximizing coating-
substrate adhesion. For an average particle size of 60
micron, 24 kKW input power is seen to be the optimum
to get adherent yttrium oxide coatings with adhesion
strength of about 8 MPa.

Plasma spray deposition

Plasma spray deposition was carried out using a 40kW
atmospheric plasma spray system developed in our
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laboratory at BARC. Deposition was carried out on
various substrates including stainless steel, graphite and
tantalum coupons. A mixture of argon and nitrogen
was used as the plasma gas, which was injected through
a side inlet provided in the insulator. Input power to
the plasma torch was varied from 16 kW to 30 kW by
controlling the gas flow and arc current. Nitrogen was
used as the secondary plasma gas. The primary gas flow
was varied from 20-30 standard litres/minute (SLPM).
Based on data generated on plasma stability and nozzle
erosion at various process operating conditions,
experiments were carried out only at 25 and 30 SLPM
of primary gas (argon) flow rate. Similarly, the carrier
gas flow rate was kept constant at 12 SLPM and the
torch to substrate standoff distance was kept constant
at 100 mm based on a large number of trial experiments
and operational experience.

Coating characterization and Evaluation

Coatings deposited on stainless steel substrates were
used for characterization studies by x-ray diffraction,
Raman spectroscopy, scanning electron microscope
(SEM), thermal shock resistance and tensile adhesion
tests. Coatings deposited on graphite substrates were
used for studying corrosion attack on the substrates by
differential thermal analysis and thermo-gravimetric
analyses. Long duration corrosion studies with molten
uranium were carried out using yttria coated- tantalum
coupons at UCUF.

X-ray diffraction pattern and Raman spectra of the
coated specimens showed that the phase composition
of the coating was identical with that of the starting
material consisting of a single homogeneous phase of
cubic Y,0,. The SEM photographs of plasma sprayed
deposits showed molten/ partially molten lamellae with
scattered porosity. The fraction of un-melted particles
and porosity were seen to be higher in coatings
deposited at 12 kW. As the power is increased to 16
kW and 20 kW, the porosity and fraction of un-melted
particles reduced. The SEM photograph, shown in
Fig. 1, of plasma deposited yttrium oxide at 24 kW
and gas flow rate of 42 SLPM of argon + 3 SLPM
nitrogen gas showed a morphology of fully molten and
flattened lamellae. The coating-substrate interface
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showed no de-lamination indicating good adhesion
with the substrate surface?.

Results of thermal shock resistance of the coatings
deposited on stainless steel substrates gave highly
encouraging results. The coating-substrate interface
was visually examined after each thermal cycling
experiment using a magnifying glass of magnification
20. It was observed that the coating-substrate integrity
was maintained and that the interface did not develop
any visible crack even after 30 thermal cycling
experiments.

Corrosion experiment on yttrium oxide coated graphite
sample with uranium was carried out by DTA in the
temperature range 300 to 1500K. DTA results showed
that the coating offered sufficient protection of the
graphite substrate against attack by molten uranium.
EDX analysis of the coated sample after the DTA/TGA
run showed no uranium peak.

Experimental setup for thermal cycling and liquid
uranium corrosion studies

Thermal cycling tests were conducted using a 10 KW
induction furnace with a graphite susceptor used for
heating the coupons held in an alumina tube having
dimensions of 80 mm OD and 800 mm long. The
coupons were hung using Kanthal wire of 0.5 mm
diameter, and were shielded from direct heating from
the coil using a grounded graphite cylinder. The heating
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Fig. 1: SEM photograph of surface morphology and cross section of yttrium oxide deposited at 24 kW

and cooling rates used for cycling experiments are as
shown in Fig. 2a and the general assembly of the
experimental setup is shown in Fig. 2b.
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Fig. 2a: Heating and cooling cycle for thermal cycling
experiments.
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Fig. 2b: General assembly of the thermal cycling setup
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The schematic of the corrosion experiment assembly is
shown in Fig. 3. The experiments were conducted in a
one end closed alumina tube with the open end
connected to the vacuum system with the help of a
tee. The flange at the other face of the tee had leak
tight feed-throughs for coupon holder and
thermocouple. The closed end of the tube was placed
inside a resistively heated furnace. The length of the
alumina tube is suitably chosen so that forced air
cooling suffices to keep the temperature of O ring seals
below 373K. Vacuum of 1E-6 mbar was maintained by
an oil diffusion pump backed by rotary pump. A pack

1

Stainless steel rod
' To
vacuum 3

Sealed top flange

Tee

O ring seal of alumina tube
Radiation shields
Molybdenum rod

Tantalum cage

Coupon holder

© ® N o g ~ w NP

Yttria coated tantalum coupons

10. Yttria coated tantalum crucible

11. Uranium metal

12. Alumina tube

1. Alumina tube

2. Sealed top flange with feed through for coupon holder
3. Connection to the vacuum line

4. Complere semp assembled inside a fumehood

Fig. 3b: Photograph of the experimental assembly
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of radiation shields ensure a uniform temperature over
150mm length in the hot zone. A tantalum cage was
used to support the crucible containing uranium. The
crucible was formed from 2mm thick tantalum sheet
having dimensions of 50mm outside diameter and
30mm height. This tantalum crucible was coated with
80-110 pm thick yttrium oxide and contained about
230 gm of nuclear grade uranium to provide a molten
pool depth of about 8mm. It was planned to change
the uranium charge after each experiment if any scum
is formed on the surface. However, in the experiments
reported, there was no scum observed. Hence, the same
melt was used for all the experiments. The experimental
setup went through a formal safety audit and approval
process. The tantalum coupons used were 40mm x
8mm x 1mm thick with rounded edges and corners to
reduce the stresses in the coating. Coating was done
up to 15mm from one end of the coupon and the other
end had provision to fix in a tantalum coupon holder.
Coating thickness varied from 60um-110pym. The
coupon holder was a tantalum plate of 30mm x 30mm
x 3mm thick with rectangular slots to pin the coupons.
The coupon holder was connected to a molybdenum
rod, which was in turn connected to a stainless steel
rod, projecting through the vacuum feed-through on
the top flange. This was used to immerse/remove
coupons from the metal pool. Two coupons were used
in each experiment. Pre-experimental qualification for
defect free coupons was done by optical microscopy
at 200X, and thermal cycling tests of a few coupons of
the batch.

Thermal cycling and liquid uranium corrosion studies

The thermal cycling tests were performed at 1573K
with continuous purging of purified argon containing
oxygen below 0.1ppm and also in vacuum. Each cycle
consists of heating the coupons t01573K in a controlled
way, and soaking at that temperature for 2 hours,
followed by controlled cooling. The weight changes of
the coated samples were measured to a precision of
0.01 mg. At least two samples were tested in identical
conditions so that the average weight gain/loss of the
samples can be obtained. The samples were considered
as failed when cracks were observed at 100X
magnification in an optical microscope.
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For the corrosion studies, the heating, cooling and
holding cycles adopted in the experiments consisted
of heating the setup to 823K at 200K/hr and holding it
for 2 hours, followed by heating to 873K at 200K/hr
and holding for 2 hours for complete out-gassing of
the system. Heating was continued at 100K/hr to 1573K
to melt uranium, and thermally equilibrate the metal
pool and coupons for 2hrs, followed by immersion of
coated coupons into metal pool up to 7mm. Separate
experiments were conducted by continuous immersion
for 10, 20, 40, 80, 120, 200 and 400 hrs durations.
Coupons were removed from the metal pool and held
above the pool for 1hr for liquid uranium to trickle
down. Post experiment analysis included observation
of full area under an optical microscope at 200X for
any defects. Defect free coupons were cold mounted
and cut with a diamond wheel to observe the cross-
section. Polishing was intentionally avoided to retain
the micro structural features. A Zeiss EVO 40 SEM with
Bruker EDX analyzer was used for micro-structural and
chemical analysis.

Results and Discussions

Figs. 4 and 5 show the micrographs of the tantalum
and of yttria coating interface, and Fig. 6 shows the
surface morphology of yttria coating. It can be observed
that the coating is uniform, and absence of large
open / closed pores show that the coating quality is
quite good.

Fig. 4: Optical micrograph of Yttria coating on Ta
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Fig. 6: SEM picture of coating

It was observed that the coatings produced by the in-
house sintered and prepared powder did not develop
any cracks when viewed at 100X magnification up to
26 cycles. Further testing was not done as the process
requirement criterion was satisfied up to 4 times the
required number of cycles.

Environmental influence on the performance of the
coating was studied by introducing air and moisture
leaks into the system. Both oxygen and moisture
introduction have resulted in reaction with the substrate
and peeling of the coating. In case of moisture entry it
was observed that oxide along with TaC formation has
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taken place by reaction of hydrocarbon gases / CO
produced by reaction of moisture with graphite at high
temperature. Oxygen leak into the system resulted in
oxidation of tantalum coupons and peeling of the
coating.

Fig. 7: SEM image and line scan for elements
along the cross section of the coating
interface-80hrs

Fig. 9: SEM image and line scan for elements
along the cross section of the coating
interface-200hrs
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After the corrosion experiments, the coating was
examined for interface integrity. None of the coupons
showed de-lamination or interfacial cracks. No
significant change was observed in the average
thickness of the coating after immersion. The coupons

Fig. 8: SEM image and line scan for elements
along the cross section of the coating
interface-120hrs
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Fig. 10: SEM image and line scan for

elements along the cross section of the
coating interface-400hrs
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always reported a weight gain due to adherence of
uranium, and no scum was observed on top of the
melt that would have resulted from either reduction of
yttrium oxide by uranium metal or due to spalling of
the coating®. Figs. 7-11 show the cross-sectional view
of the coupons of the four different runs where the
coupons were immersed for 80, 120, 200 and 400 hrs
respectively in liquid uranium at 1573K. The
microstructural features as well as EDX results showed
no specific reaction products at the liquid/Y O, interface
in all the coupons. However, gradual conversion of
white stoichiometric Y,0, to black non-stoichiometric
Y, 0O, with increasing contact time with liquid uranium
was observed. Tournier et.al* also reported similar
observation in his corrosion experiments carried out at
1673K. This kind of non-stoichiometric oxide is not
observed across the thickness of coating even after 400
hrs of contact time with liquid uranium. This possibly
suggests that kinetics of the formation of non-
stoichiometric oxides is very slow as the temperature
of our experiment is lower by 100K. However, black/
brown color is observed on the surface of the immersed
area of the coupon, which may be due to oxidation of
uranium that was adhering to the coupon after removal
from the metal pool. The coating integrity with the
tantalum substrate was found to be intact after 400
hours of corrosion experiments. Subsequent
experiments involving longer duration of immersion in
molten uranium showed that the coatings were stable
even after 1000 hours.

Conclusion

In house development of a complete process for plasma
spray deposition of yttrium oxide coatings on graphite
and tantalum substrates for protection against long-
duration corrosion by molten uranium is reported in
this article. The indigenously developed free flowing
yttrium oxide powder could be successfully used
for plasma spray deposition. Experiments at UCUF
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laboratories showed that yttrium oxide-coated tantalum
crucible and substrates withstood more than 400 hours
of continuous operation exposure to molten
uranium, demonstrating the efficacy of yttrium oxide
coatings for long duration protection of substrates
against corrosion by molten uranium. The total
indigenization of the plasma spray technology offers
enormous scope of application of this technology to
nuclear fuel cycle.
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Abstract

Nickel plating plant at RMP, Mysore, is a special facility to deposit corrosin resistant High Phosphorous Electroless
Nickel (HPEN), a highly corrosion resistant coating, on carbon steel and Aluminium components deployed in
corrosive fluoride environment. Plating line was designed to plate carbon steel components with the maximum
dimension as 1500mm. Necessity arose to plate hollow cylinders of 2000 mm long, which are larger than the

designed size of the tanks.

Conventional plating cycle consists of a series of tanks for surface activation and components move from one to
another in a sequential manner. Space constraints did not permit to create a separate line for the new requirement.
Instead, if chemicals are pumped one after the other into the same tank, number of tanks and footprint will be
considerably reduced. This new line of thinking for a compact plating line has been evolved into Three Tank

Plating Cycle (TTPC).

This paper presents the conceptualization, technical details, challenges and strategies adopted in developing
TTPC to carry out electroless nickel plating on long components successfully.

Introduction

Plating of metals is generally carried out to improve or
alter some of the engineering properties of the base
material, like hardness, wear resistance, corrosion
resistance, conductivity etc. In Electroplating, deposited
metal gets reduced from its ionic state to metallic state
with the help of electrical energy supplied externally. If
the metal is reduced by a chemical reducing agent
without using electricity, it is known as Electroless
plating. Electoplated Nickel is pure nickel, whereas
electroless nickel is a supersaturated alloy of Nickel and
Phosphorous or Nickel plus Boron. High Phosphorous
Electoless Nickel (HPEN) coating consists of 10-12%
Phosphorous and exhibits superior corrosion resistance
and higher degree of thickness uniformity than the
electroplated nickel. At BARC, Mysore, a special facility
to plate carbon steel and Aluminium components of
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varying dimensions and geometry, exposed to severe
corrosive fluoride environmrnt, are coated with 50
microns of HPEN.

Quiality of the surface coating depends on good surface
preparation and Electroless Nickel is no exception to it.
Proven Pretreatment cycle for Electroless Nickel deposit
on Carbon Steel components consists of degreasing,
soak cleaning, pickling, anodic activation with
intermediate water rinse (single or double) prior to
entering the plating bath, making a plating line to
consist 12-14 tanks of identical height and width.

A new requirement has come up, to plate 2000 mm long
hollow carbonsteel cylinders, to meet the growing needs
of the Project. These components are longer than the
existing tank size, and the requirement demands for
setting up of a new plating line with larger foot print and
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investment. But, limited floor area as well as inadequate
head room became constraints to accommodate a new
plating line and the new requirement became a
challenge. It called for an out of the box thinking to
plate these oversized components within the existing
facility. This gave birth to a new concept of compact
plating line with only 3 tanks instead of 12-14 tanks as
in the conventional plating line.

Electroless Nickel

In Electroless plating, nickel gets deposited from an
aqueous solution of Nickel salt using a chemical
reducing agent without external electrical energy.
Electroless Nickel deposit can contain 2-14% of
Phosphorous. HPEN contains 10-12% Phosphorous
and this gives the deposit metallic glass like structure
with unique properties such as higher wear resistance,
higher corrosion resistance, non magnetic nature etc.
Specific advantage of Electroless Nickel over
electroplated nickel is its higher degree of uniformity
in thickness distribution. Agitation of plating bath and
efficient filtration are to be ensured to achieve quality
plating. Reaction mechanism of Ni-P coating on a
catalytic surface is as given below:

H,PO, + H,0 HPO, + 2H + H"
Ni ** + 2H Ni + 2 H*
H,PO,+H OH +P+HO
H,PO,+H,O HP03‘+ H +H,

Surface Preparation

Adhesion, porosity, continuity, appearance, finish,
coverage and corrosion resistance are the quality
parameters for any Nickel coating and pretreatment /
surface preparation plays an important role in ensuring
the same. Removal of surface contamination to leave a
clean, oxide-free surface prior to plating is esential for
good quality of the deposit. Following is the generally
practiced pretreatment cycle for Ferrous substrates :

Same number of operations are carried out in TTPC in
3 tanks by carrying out multiple operations in a single
tank, as shown below.

Design and development of TTPC
In any conventional plating line, components are

processed by moving from one tank to another with
predecided immersion times. Thorough water rinsing

7

8
Electro Ri
cleaning Hee
A
10 9
Elne Predip

Tank 3 Tank 1 Tank 2
Electroless Soak, Electro-clean, [—»
Nickel Plating || water rinses, Pre-Dip, Sulphuric acid dip
Dragout, Hot Rinse '
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between any two treatments is essential to avoid cross
contamination of chemicals and also to keep the surface
free from foreign particles. Naturally it demands as
many tanks as the number of steps involved in
pretreatment cycle. To plate HPEN on carbon steel it needs
12-14 tanks of identical height and width. Contrary to
the conventional practice, if components are made
stationary and chemicals are pumped into the same tank,
one after the other, then the requirement of number of
tanks and their footprint can be considerably minimized.

With this new concept, initial trials were taken in an
experimental set up with a single tank for all the
operations. Though plating could be accomplished, a
few practical problems like intermixing of chemicals,
over exposure of active surface to atmosphere,
complexity in discharge of chemicals to different
destinations, long processing time etc. were
experienced. To overcome them, entire operation was
divided into three groups namely alkaline cleaning,
acidic etching and nickel plating bath, and 3 tanks were
installed accordingly.

To make the system efficient and user-friendly, the
following engineering works were designed, executed,
finetuned and adopted for regular production.

Process Tanks

To minimize the cross contamination of chemicals and
total processing time, three tanks i.e. SS316L tank for
HPEN plating, Polyprophylene tank for activation with
sulfuric acid and MS tank for soak, electro cleaning
and rinses. Dimensions of these tanks are 2500 X 700
X 1000 mm, facilitating horizontal loading of cylinders.
Both MS and SS tanks are fitted with heating/filtration/
pumping systems. Vertical tanks were not considered
due to limited headroom of the building. There was
no space to accommodate 14 tanks of such dimensions
in the existing plant, where as, three horizontal tanks
could be accommodated with minor adjustments.

Pumping of Chemicals

Filling and draining time of chemicals has to be as
minimum as possible to avoid exposure of activated
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area to atmospheric oxygen. Accordingly, three high
capacity centrifugal pumps along with necessary piping
were installed to pump the chemicals from their
respective storage tanks to TTPC and back. Sloped
bottom, multiple drains and water jetting arrangements
were made to flush out the last traces of chemical
before the next chemical enters the same tank.

Preheating

Heating time of chemicals is more than their residence
time. In situ heating of the solutions is a time consuming
one and hence, chemicals are preheated in their
respective storage tanks and hot solutions (60° - 85°
C) are pumped to TTPC to minimize the processing time.
Existing verical tanks of nearby plating line are utilzed
as storage tanks for all the chemicals.

Loading pattern

Horizontal loading pattern was selected for long
components due to space constraint. It has given an
additional benefit of avoiding critical sealing area (N,
face with no tolerance for rough deposit) in horizontal
plane, thus ensuring smooth plating on critical surface.
A SS304L fixture was designed and fabricated in-house
to accommodate two tires of cylinders with two
numbers in each tier. For easy and uniform flow of
plating solution filled inside the cylinders, and to ensure
easy dislodging of Hydrogen bubbles from the plating
surface, 5° inclination was given to all the components.

Material handling

Plating operation needs the components to be lifted
from the ground level to a height of 3000 mm,
longitudinal movement for processing over 3 tanks and
again bringing back to zero level after the plating is
over. This requirement is also different from
conventional plating lines, where in, a loading stand
and a Wagon are used in combination for this purpose.
Here, both the operations i.e. lifting and longitudinal
movements are to be combined in a single material
handling Wagon trolley. The conceptual design for such
a wagon with telescopic mast was designed totally in-
house and executed by a vendor.
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Automation

Frequent and precise operation of valves and pumps is
important for this process and for this purpose,
pneumatically actuated ball valves were installed and
all the operations of valves / pumps were planned from
a panel to avoid manual intervention and manpower
requirement.

.- -

_.- Rough
particles

Critical surface
free from rough
particles

Vertical
Loading

Air agitation

There is a likelihood of plating solution filled inside the
hollow cylinder experiencing lesser agitation, leading
to temperature and concentration gradients. To
overcome this problem, an air sparger with apertures
on 360° was designed, fabricated and inserted in all
the four components to improve internal circulation of
plating solution, which has helped a lot in attaining
high degree of uniformity in thickness distribution.
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Roller Jig

Rotation of components during plating helps in
minimizing the un-plated spots at firm contact areas
and also gas trapping areas on the internal surface.
For this purpose, smooth rollers have been positioned
to rotate the heavy components freely during plating
thus avoiding jig marks / patch marks.

Operational Sequence:

i. Make the horizontal jig of degreased components
and position it in Tank no.1

ii. Pump the preheated soak cleaner into Tank no.1

iii. After 20 minutes, pump back the soak solution to
its storage tank.

iv. Fill the Tank 1 with rinse water.

v. Transfer the components to Tank 2.

vi. After 1 minute, transfer the components to Tank 1
for rinsing.

vii. Drain the water and pump the preheated electro-
cleaning solution to Tank 1 from its storage tank.

viii. Anodic electrocleaning at 60°C for 5 min. with a
current density of 1-2 A/dm?

ix. Pump back electrocleaning solution to its storage
tank, and fill Tank 1with water.

X. After rinsing, drain the rinse water and pump hot
DM Water for Pre-dip.

xi. Transfer the components to Tank 3, containing
plating solution at 88° C.

Xii. Maintain the plating bath at optimum parameters
to deposit 50 micron thickness.

xiii. DM Water in Tank 1 will be heated to use it as
dragout tank for postplating cleaning.

Major Benefits

It has occupied minimum floor space and could be
accommodated within the existing plant, thus
saving considerable time and investment of creating
a new facility.

Rejection rate of plated components is bare
minimum due to horizontal loading.

Processing of a single jig is enough instead of
processing multiple jigs.
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Higher and constant Operating ratio (Area/Volume)
can be maintained throughout the plating time.
For future needs, this concept can be upgraded
for still longer components.

Conclusion

This in-house developed set-up has been under
continuous usage and till now plating on a few
hundreds of long components has been accomplished
successfully. This developmental work has immensely
helped in plating the 2000 mm long components and

- Fouhde}_”s 'Day Special I_ssue'-October 2013 :

played an important role in achieving the overall targets
of the Project.
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Abstract

A research effort to develop an efficient and compact High Power Microwave (HPM) source system based on a

Marx-generator-driven reflex triode is taken up at BARC. A 1-kJ 300-kV 300-ns FWHM, 10 HZ repetition rate Marx
generator and a reflex triode have been developed at the Bhabha Atomic Research Centre (BARC), Mumbai, India,

System description

Bipolar charging of a Marx generator scheme has been
adopted to get a faster rise time and relatively low
charging voltage. The faster rise time is due to the
reduced number of spark gaps down to six for 12 in-
series capacitors (0.15 iF and 50 kV) of a six-stage
bipolar-charging Marx generator (Fig.1). Interstage
inductive charging further enhances the efficiency of
the overall system as compared to resistive charging.
The complete assembly of the Marx generator is tested
first with the resistive load that characterizes the Marx
generator operation at the critically matched condition
(25 matched impedance).

Reflex Triode
A vacuum diode is used to generate Intense Relativistic
Electron Beams (IREB) by an explosive electron emission

i Lt Lo+ Lt Lot

for the generation of high-intensity high-power electron beams and HPMs and their applications.

process in the Reflex Triode (RT) geometry. The RT is
basically a space charge device of the vircator category
that operates by emitting an electron beam from a
cathode and accelerating it through a semitransparent
anode. The formation of the space charge and
subsequent electron reflexing causes electromagnetic
radiation in the HPM regime (few GHz). The RT is
housed inside a vacuum chamber having six ports.
Fig. 2 shows a front view of the reflex triode assembly
with the vacuum pumping system. The Marx generator
assembly is fitted to the left-hand-side port of the
vacuum diode. The other two ports are used for
adjustable cathode holder, voltage, and current
diagnostics, and one is for radiating the HPM as an
open-ended waveguide. The anode is a 170-mm-
diameter SS mesh with 70% transparency connected
to the high-voltage terminal.

HPM Generation

In the RT geometry , IREB and HPM
were generated for various
anode—cathode (AK) gaps. The
typical electron-beam parameters

c O ¢ 2 g O
o WVQEV?W-P&E-

LOAL

were 200 kV, 4 kA, and 300 ns,

o
RESISTOR 0o

with a current density of a few

Fig. 1: Circuit diagram of the bipolar- and inductive-charging Marx generator hyndreds of amperes per square
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centimeter. The HPM signal was captured by the double-
ridged horn antenna and a B-dot probe placed at far
field and sent to a high-speed digital storage
oscilloscope (with a sampling rate of 20 GS/s) kept in
the shielded room through a coaxial RF cable. Fig.3
shows the beam voltage, current and HPM and its FFT
waveforms.
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Fig. 3: (a) Electron-beam diode voltage and current

waveforms for 15-mm- AK-gap (b) B-dot signal and
its FFT
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Fig. 2. Front view of the reflex triode assembly with the vacuum pumping system

The most fundamental issues in virtual cathode
oscillator (vircator)-based high-power microwave
devices are efficiency improvement and oscillation
frequency control. The time-dependent behavior of the
RT vircator oscillation frequency has been studied for
various AK-gap distances. It was found that the
measured HPM power and the E-field are highest for a
15-mm AK-gap distance (Fig.4). It was found that the
oscillation frequency increases with time for all the
AK-gap distances studied. The RT vircator emits several
frequency components, and maximum power is emitted

when all the power goes into a single frequency.
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Fig. 4: Variation of the microwave peak power and
the E-field with the AK-gap distance

Cathode Materials
The effect of the cathode materials on radiated HPM

field and frequency were studied for graphite, stainless
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steel nails, and Carbon Fiber (CF) needle type cathodes.
The electrode plasma expansion velocity has been
estimated from the perveance data and is least for CF
cathode. The graphite cathode exhibited maximum
radiated HPM field and pulse duration. The RT vircator
emits a single frequency for SS nail and CF cathode
when subject to a shorter voltage pulse duration.

Maximum E field

The HPM electric fields measured using the B-dot probe
at 4.5 m distance from the reflex triode window was
maximum for 15mm AK gap and is 14 kV/m at 35 kV
charging. The free space radiation pattern was plotted
by varying the position of the B-Dot probe radially in
the far field region, at a distance of 4.5 m from the
reflex triode window. The gain (G,) of the open ended

. Founde:f"s 'Day Special Issue “October 201_3’_ '

wave guide of the reflex triode was estimated from the
radiation pattern and is 4.35 dB for 2.4 GHz dominant
frequency.

Conclusion

A reflex triode based HPM source with REB diode pulse
of 200kV,4kA, 200ns is optimised for its anode cathode
gap, cathode material and its dimensions to generate
an electric field of 14kV/m at a distance of 4.5m is
developed.
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Abstract

The Reactor Pressure Vessel (RPV) of TAPS-1 contains six longitudinal and four circumferential welds. Periodical in-

service inspection of these weld joints has been a regulatory issue pending for long. During the 22" refuelling
outage in July 2012 the inspection of L1-1, L1-2 longitudinal welds as well as their junctions with C1 circumferential
weld was proposed to be done using ultrasonic technique. Approaching these welds from outer side of the RPV
is a difficult and tedious task. Therefore it was decided to examine these welds from inner side of the RPV by filling
the cavity with water and approaching the RPV from top. No technology was available to take the probes at a
depth of 10-12 m under water. Based on NPCIL requirement, development of weld inspection manipulator was
taken up as a challenge. The design was completed in just one month including concept finalization. The manipulator
was fabricated on a war footing basis, tested and successfully deployed in the reactor for the first time in TAPS
history. The entire activity was completed in three months time. This has helped the department to fulfill its
commitment toward health assessment of RPV by direct monitoring of hitherto inaccessible areas and has paved

the way for many other similar applications.

Introduction

The Reactor Pressure Vessel (RPV) of TAPS-1 is 3916
mm in outer diameter and 124 mm thick made of SA
302 grade B low alloy steel. It is internally clad with
5.6 mm thick SS 308L austenitic stainless steel weld
deposits. There are six longitudinal and four
circumferential welds in the RPV as shown in fig. 1.
The vessel welds are to be inspected periodically as a
part of regulatory requirement. These welds cannot be
approached for inspection from outer side of the vessel
due to the presence of thermal shield. However during
planned shut-down of the reactor L1-1, L1-2 welds and
their junctions with C1 weld become accessible for
inspection from inner side of the vessel after removal
of drier and separator assembly from the RPV top
shell.
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Weld Inspection Manipulator has been developed to
assess the integrity of L1-1 and L1-2 weld joints as well
as their junctions with C1. The manipulator clings on
to the RPV wall using permanent magnets and can be
lowered or raised along the weld on the vessel using
refuelling grappler. The motorized weld cleaning brush
attached to the manipulator can be traversed laterally
using cross travel at any location of the weld to clean
the deposited materials on the clad covering the Heat
Affected Zone (HAZ). By operating sequentially the
grappler for vertical motion and cross travel for
transverse motion, the clad covering weld and its HAZ
can be cleaned. Subsequently the weld cleaning brush
is replaced by a probe holder to scan the entire weld
and its HAZ.
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Brief Overview of Design

The weld inspection manipulator performs four

important functions namely:

i.  Clinging on to RPV wall, while supported on wheels,
by magnetic force; attaching to or detaching from
RPV wall and moving on the RPV wall along a
longitudinal weld

w—EL5322m

c1 5 (174' 7-1/4%)
o

TOP SHELL
OF RPV

L1-2

i

L1-1

a ce

wEL49.33m
(161'10%)

@ 3916 mm
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o ™
& Y|~ MIDDLE
SHELL
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17.13 m (674-15/327)
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c3 7 EL45.17m
(148' 2-1/2°)

L3-2

SHELL
OF RPV

C4 w— EL41.20m
(135'27)

s - ~ Fig. 1: Schematic of reactor pressure vessel of TAPS 1

~ii. Transverse motion of probe holder or weld cleaning
foe brush across the HAZ
< ii. Weld cleaning

iv. UT scanning of welds.

To perform these functions WIM has the following
major subassemblies:

Main Body

Main Body consists of a triangular platform about which
all other components of WIM are configured (fig. 2).
The bail is similar to the bail of TAPS fuel assembly to
make it compatible with refuelling grappler. WIM is
parked on a stand in the fuel storage pool of the reactor
building using gantry. From there it is picked up by the
grappler and shifted to the RPV. Wheels are mounted
on the platform to facilitate longitudinal travel.
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Probe Holder
Assembly

Cylinder  Tray

Front Tray

Fig. 2: CAD Model of Weld Inspection Manipulator

Permanent magnets are mounted on the platform for
clinging WIM to the RPV wall. Four pneumatic cylinders
are used to detach WIM from RPV as and when

required.

DETACHING
CYLINDERS

Fig. 3: Pneumatic Scheme for WIM operation
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The scheme for operating pneumatic cylinders for WIM

operation is shown in fig. 3.

Cross Travel

Cross Travel consists of a cross travel guide block with
bush to move horizontally on three guide rods (fig. 4).
Arack is attached to the WIM platform. The cross travel
guide block carries an enclosure containing a brushless
DC motor with gear head and a rotary potentiometer.
The enclosure is kept pneumatically pressurized to avoid
water-ingress (fig.3). The DC motor drives a pinion
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Meotor

Pinion
Rack

Cross Travel
Guide Block

Guide Rod

Fig. 4: Cross Travel Assembly

which engages with rack and causes transverse motion
of the cross travel guide block. The position of the cross
travel is sensed by potentiometer. The velocity of the
cross travel is regulated by PC based control scheme

(fig. 5).
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Fig. 5: Schematic of Cross Travel Control Scheme

Operator interface software programme facilitates
operation in various modes selectable by operator. A
backup hard-wired control scheme is also provided for
redundancy.

Weld Cleaning Assembly
Weld Cleaning Assembly consists of an air motor and a

cleaning brush with Nylon bristles which are fitted on
to the WIM main body (fig. 6). The pneumatic cylinder
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presses the brush against the clad above the weld joint
area to be cleaned and the air motor rotates the brush
for cleaning. In this condition the refuelling grappler
moves up and down sequentially with a cross feed to
clean the entire area of clad covering the HAZ. The
pneumatic scheme for probe contacting cylinder and
air motor is shown in fig. 3.

Weld Cleaning Brush

Air Motor
Pneumatic Cylinder

Fig. 6: Weld Cleaning Assembly
Probe Holder Assembly

Probe Holder Assembly consists of eight different types
of spring loaded UT probes fitted to a nylon body
pivoted centrally about a yoke. A pneumatic cylinder
presses the probe holder assembly to create contact of
probes with RPV while it is moved up and down
sequentially with a cross feed and the UT machine
collects weld-scan data. Probe holder assembly is of :
two types which are identical in shape and used one at T
atime. Horizontal probe holder is provided for detecting

vertical weld defects (fig. 7). Vertical probe holder is

provided for detecting horizontal weld defects.

Nylon Probe Holder

UT Probes (Eight types)

Fig. 7: Horizontal Probe Holder Assembly (left); Vertical
Probe Holder Assembly (right)

243



BARC NEWSLETTER

Manufacturing and Qualification for Reactor Use Deployment in the Reactor
A test set-up was fabricated for functional testing of WIM was successfully deployed in TAPS-1 in August
WIM (fig. 8). Standard notches were machined at 2012. Welds L1-1, L1-2 and their HAZ were cleaned by
several locations of the test set-up for demonstrating weld cleaning brush. Subsequently UT scanning of these
the notch sensing capability of WIM using UT probes. welds and their junction with C1 were successfully
Performance testing of WIM was carried out at carried out (fig. 10).

supplier’s premises. All functional aspects were
successfully demonstrated. WIM was shifted to the
Additional Away From Reactor fuel storage pool of TAPS
1&2 for qualification trials. The capability of WIM for
weld inspection was demonstrated in the pool by
conducting under-water trials (fig. 9). Training was
given to the operating personnel.

Fig. 10 WIM Performing Weld Inspection = :

Conclusion

Weld inspection of reactor pressure vessel of TAPS 1&2
was a long pending regulatory requirement. A unique
weld inspection manipulator was developed in a short
span of three months to enable underwater inspection
of longitudinal welds of the upper shell of RPV. The
manipulator was successfully deployed for inspection
of L1-1, L1-2 welds and their junction with C1 weld in
the 22" refuelling outage of TAPS-1. This development
is the first of its kind inspection for BWR. This has helped
the department to fulfill its commitment toward health
assessment of RPV by direct monitoring of hitherto
|
|
\
|
\
|
|

inaccessible areas and has paved the way for many other
similar applications.

Fig. 9: WIM lowered to AAFR Pool (left), WIM parked
on GOM Stand (Right)
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Abstract

Litchi is a highly juicy and nutritious fruit. However, it has very short life (2-3 days) at ambient temperature, mainly

due to microbial and physiological spoilage. The fruit loses its appeal because of pericarp browning due to
anthocyanin degradation and enzymatic oxidation of phenolics. A sequential dip treatment using GRAS (Generally
Recognized As Safe) chemicals has been developed which reduced polyphenol oxidase activity by 85%, retained
major anthocyanins, cyanidin-3-O-rutinoside and cyanidin-3-O-glucoside by 82 and 97%, respectively, and reduced
microbial load to below detectable levels. This resulted in retention of attractive pericarp colour, and shelf-life
extension of litchi up to 45-60 days at low temperature storage. To overcome quarantine barrier for export the
treated fruits were gamma irradiated at 400 Gy. Processing helped in reducing the spoilage of plucked fruits,
maintaining their overall quality attributes, and market access in non-producing regions. The technology has been
successfully demonstrated to farmers, transferred to entrepreneurs for its commercialization, and also a patent
has been filed (Application No. 2484/MUM/2012 dated 27 August, 2012).

Introduction

Litchi (Litchi chinensis, Sapindaceae) is a tropical, non-
climacteric, highly juicy and nutritious fruit, which is
eaten fresh or used to prepare juice, vinegar, jelly, wine,
ice creams and sorbets. The freshly harvested fruit has
pinkish-red pericarp, surrounding a white and
translucent fleshy aril, having a sweet and unique
pleasant flavour. The litchi fruit is highly perishable in
nature due to microbial and physiological spoilage, and
lasts only for 2-3 days at ambient temperature
(26+x2°C). Once harvested, the pericarp browning also
occurs within 48 h which significantly affects the eye
appeal resulting in reduced commercial value of the
fruit. Oxidation of pericarp phenolics to quinones and
their polymerisation to brown pigments, coupled with
accelerated degradation of anthocyanins, have been
reported to cause browning of litchi (Jiang at al., 2004).
Enzymes such as phenylalanine ammonia lyase (PAL),
polyphenol oxidase (PPO), and peroxidase (POD) have
been reported to contribute to this browning process,
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by regulating the biosynthesis of phenolics and their
oxidation (Jiang et al., 2004; Mishra et al., 2011). In
the current study, an attempt has been made to explore
the possibility of using food grade GRAS chemicals in
combination with low temperature storage (4+2°C),
to restrict the postharvest pericarp browning and
microbial growth in litchi and thus, maintain its eye
appeal, and extend shelf life. The quality parameters
such as physical, biochemical, microbiological and
organoleptic, as well as health protective activities such
as antioxidant, and radioprotective capacity were also
periodically evaluated during storage.

Materials and methods
Processing of litchi fruit
Fruits of Indian litchi cultivars ‘Shahi’ and ‘China’ were
procured from a local market within 6-8 h of harvest.

Screening was performed to eliminate damaged fruits
having any visual blemish. Later, the litchi fruits were
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subjected to GRAS chemical dip treatment at various
concentrations in different permutations and
combinations to select the best treatment conditions,
concentration and timing of treatment for significant
inhibition of pericarp browning. Furthermore, the fruits
were air dried and packed (10 fruits per packet) in low-
density polyethylene bags. As a quarantine treatment,
packaged samples were irradiated at 400 Gy dose of
gamma radiation and stored at 4+2°C. Controls and
treated fruits were analysed for quality parameters
during storage.

Preparation of pericarp powder for analysis of
browning related parameters

Periodically, pericarp of the fruit was cut into pieces,
lyophilized and mechanically ground to fine powder,
which was further used for analysing the browning
index and related parameters.

Analysis of browning index (Bl) and browning
parameters

The BI of litchi fruit pericarp was determined by
extracting the pigments in ethanol (67%) and
measuring the absorbance at 420 nm using a
spectrophotometer. Activities of browning associated
enzymes, such as polyphenol oxidase (PPO), peroxidase
(POD) and phenylalanine ammonia lyase (PAL), as well
as, total soluble phenolics from litchi fruit pericarp were
determined by methods discussed earlier (Mishra et al.,
2011; Sun et al., 2009). Total anthocyanin content
was determined and major anthocyanins were
characterised. PPO activity measurement was based on
oxidation of 4-methyl catechol, whereas, POD activity
on oxidation of guaiacol to tetraguaiacol and PAL
activity on deamination of L-phenylalanine to trans-
cinnamic acid. These activities were measured
spectrophotometrically at 410, 470, and 290 nm,
respectively. One unit of enzymatic activity was defined
as the amount of enzyme which catalysed a change of
0.001 in absorbance per min and expressed as U/g of
fresh pericarp weight. The total phenolic content was
expressed in mg GAE (gallic acid equivalent)/g of fresh
pericarp weight. Anthocyanin content was calculated
in terms of cyanidin-3-glucoside (cyn-3-glu) equivalents
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and expressed as mg cyn-3-glu/g of fresh pericarp
weight.

Physical and biochemical analyses

Pulp were ground in a mixer-grinder and centrifuged
(6000 g for 30 min at 4°C). The clear juice was used to
determine the quality attributes. Effect of treatment
on the physical properties was performed as described
earlier (Hajare et al., 2010). In brief, pH of litchi juice
was measured using a pH meter. Percentage titratable
acidity (TA) was determined by titrating with 0.1 N
NaOH and calibrating with citric acid. Moisture was
determined by drying the samples at 100 = 2 °C in a
hot air oven and quantifying the percentage weight
loss. Total soluble solid (TSS) was measured using a
hand-held refractometer. Texture was analysed using
TA-HD Plus Texture Analyser. Similarly, effect of
treatment on biochemical and antioxidant properties
of litchi fruit juice was also analysed, as per the method
described earlier (Hajare et al., 2010; Saxena et al.,
2011). In brief, the reducing sugar was determined
using 3,5-dinitrosalicylic acid (DNSA) reagent. The total
sugars (mainly consisting of sucrose, fructose, and
glucose) were determined after complete inversion of
sucrose into reducing sugar by acid treatment. The total
phenolic content was determined by the Folin—Ciocalteu
method. The total flavonoid content was measured by
the aluminium chloride spectrophotometric assay. Total
vitamin C content was measured by microfluorometric
method. Antioxidant property was analysed by
measuring DPPH radical scavenging activity and ferric
reducing antioxidant power (FRAP), whereas,
radioprotective potential was evaluated based on the
protection of plasmid DNA from gamma radiation
mediated oxidative damage.

Microbiological analysis

The total bacterial count and yeast and mould count
of unpeeled fruit were determined as described earlier
(Hajare et al., 2010). To show the efficacy of the
treatment for inhibiting microbial growth, fruits were
spiked with 10%-10* cfu/ml of Escherichia coli,
Saccharomyces cerevisiae and spores of Aspergillus
niger, separately. Later, the fruits were dried at ambient
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temperature, subjected to chemical dip treatment and
periodically analysed for residual microbial load in
spiked samples during storage.

Sensory analysis

Sensory evaluation of litchi fruits was performed by an
expert panel of 15 trained and experienced panelists
on a 7-point hedonic scale (7-excellent, 6-very good,
5-good, 4-satisfactory, 3-fair, 2-poor, 1-very poor).
Fungal growth on fruits was considered as indicator of
spoilage and hence, no further sensory evaluation was
carried out with such spoiled samples.

Results and discussion

Pericarp browning

The appeal of litchi fruit is severely affected by pericarp
browning, which happens due to phenolic oxidation
and concomitant anthocyanin degradation, resulting
in brown discolouration of the pericarp (Gautam et al.,
2010; lJiang et al., 2004, Kumar et
al., 2012). Enzymes like polyphenol
oxidase (PPO), peroxidase (POD) and
phenylalanine ammonia lyase (PAL)
were found to play a role in the
browning process of fruits (Mishra et
al., 2011; Sun et al., 2009). PPO and
POD are involved in oxidation of
phenolics to quinones, which
polymerise to brown pigments,

a key role in the biosynthesis of phenolics (Jiang et al.,
2004). Anthocyanins, which are responsible for the
attractive red colour of pericarp, undergo accelerated
degradation during storage (Jiang et al., 2004). Dip
processing was found to be quite effective in controlling
these browning related enzyme activities. It inhibited
the oxidation of phenolics and maintained the red
pigmented anthocyanin, and thus reduced the overall
browning (BI) (Table 1, Fig. 1). In processed samples
polyphenol oxidase activity was found to be reduced
by 85%, whereas, major anthocyanins, cyanidin-3-O-
rutinoside and cyanidin-3-O-glucoside were retained
upto 82 and 97%, respectively (Fig. 2).

Microbiological analysis

One of the major factors contributing to litchi fruit
spoilage is microbial growth (Hajare et al., 2010). Total
bacterial count (TBC), yeast and mould count (YMC)
were found to be ~4 and —2.5 log cfu/ml, respectively,
in the unpeeled and unprocessed litchi cultivars,
whereas, TBC or YMC was found to be nil (below

whereas, PAL is involved in the Fig. 1: Retention of pericarp colour and extension of shelf life of litchi by
phenylpropanoid pathway and plays combination dip treatment: (A) control fruits stored at 4°C for 15 days; (B)
dip processed fruits stored at 4 °C for 45 days.

Table 1: Effect of processing on the browning associated parameters of litchi pericarp.

Control Dip processed

Days of storage od 15d od 15d 30d 45d
Bl (A,,,) 0.79=+0.05 1.0+0.04 | 0.79%+0.02 | 0.88%0.04 0.91+0.01 | 0.94=+0.05
PPO (U/g) 832468 988+67 12810 118+6 115210 81+7
POD (U/g) 3899+151 3699+150 | 3258+235 | 3033+297 2066211 | 1758+180
PAL (U/g) 3455+404 2383259 | 3218+215 31114227 2590172 | 2331+176
Total soluble phenolics 4.240.2 6.1+0.3 28+1 25+2 27+1 27+2
(mg GAE/g)
Total anthocyanins 0.21+0.06 0.03+0.01 | 0.26+0.04 | 0.31+0.05 | 0.29+0.05 | 0.30+0.04
(mg cyn-3-glu/g)
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Analysis of physical, biochemical, and sensory
properties

Dip processing did not affect the quality parameters of
litchi such as moisture content (%), pH, titratable acidity
(%), total soluble solid (TSS), sugars, phenolics and
flavonoids (Table 2 and 3). Antioxidant and
radioprotective properties were also not affected. The
observed decrease in texture by dip processing was not
reflected during sensory evaluation by taste panelists.
A marginal decrease in vitamin C content was noticed
during storage, however, processing was not found to
have any adverse effect on vitamin C content as earlier
reports have also indicated the postharvest decrease in
ascorbic acid level in litchi fruits regardless of storage
conditions (Holcroft & Mitcham, 1996). The processed
litchi samples remained organoleptically acceptable till

45-60 days.
= Fig. 2: Retention of major anthocyanins in the pericarp
o - - -
of processed litchi fruits compared to unprocessed . ;
control. Conclusion i-
/'r. i ; f
detectable level) in the processed samples during o ) ) ) . ) s
A combination treatment invoving dip processing, =~

storage. Even in artificially spiked litchi fruits with

a - . . . . ackaging and low temperature (4°C ) storage was
= pre= bacteria (E. coli), yeast (S. cerevisiag) or mould (A. niger) P ging o P ( ) ) g .
' : ; found to be effective in almost completely eliminating
in separate set of experiments, treatment lead to

{ o ) . ) the microbial load, leading to extension in shelf life of :
= complete elimination of these microbes and no microbial o T
. ) ) litchi up to 45-60 days, whereas, unprocessed samples o
2 load was detected in these samples during storage.

Table 2: Effect of processing on the physical attributes of litchi fruit.

Control Dip processed
i Days of storage od 15d od 15d 30d 45d k
Moisture (%) 754 7242 75+2 74%3 72+1 7143
pH 4.3+0.4 4.3%+0.1 4.4%0.2 4.6x+0.8 4.5x+0.4 4.8+0.1
Titratable acidity (%) 0.31+0.02 0.29+0.03 | 0.33+0.01 | 0.35+0.03 | 0.25+0.01 | 0.20+0.02
Total soluble solid (° Bx) 15+2 17+3 16+2 18+1 171 162
Texture (g) 108+16 90+15 73+16 81+15 74+17 65+17
Table 3: Effect of processing on the biochemical and antioxidant properties of litchi fruit.

Control Dip processed
Days of storage od 15d od 15d 30d 45d
Total sugars (g%) 10+1 11+0.4 10+0.4 10+0.2 10+0.3 10+0.5
Reducing sugars (g%) 9+1 9+1 9+0.4 9+0.2 9.3+0.3 9+0.4
Vitamin C (mg%) 20+1 17+1 21+1 20+1 16+1 142
Total soluble phenolics 0.31+0.003 | 0.32+0.007 | 0.31+0.009 | 0.33%+0.004 | 0.33+0.003 | 0.34+0.005
(mg GAE/g)
Flavonoids (mg CE/g) 0.031+0.003 | 0.032+0.007 | 0.034+0.004 | 0.034+0.005 | 0.028+0.004|0.025=+0.006
DPPH scavenging (%) 89+2 93+3 91+2 91+3 90+2 90+3
FRAP (Am) 0.22+0.03 0.26+0.03 0.22+0.04 0.20+0.05 0.26%+0.04 | 0.24+0.04
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Table 4. Effect of processing on the sensory attributes of litchi fruit.

Control Dip processed
Days of storage od 15d od 15d 30d 45d
Appearance 4.7x1.1 4.6x1.2 6.2+1.3 5.8+0.8 6.4+0.9 5.4%1.5
Colour 4.6x1.0 4.3%+1.3 5.9+1.2 54+1.0 6.4+1.2

Odour 4.7+1.4 4.5+1.2

5.1+1.1

5.6+1.2 6.3+0.5

Flavour 4.7+1.0 4.6+1.6

5.4+1.3

4.8+1.2 6.0*1.1

After taste 5.3+1.0 5.3+0.5

5.2+1.7

4417

5.6+1.2

Texture 5.4%1.2 5.2+1.3

5.8+0.9

5.7+0.9

6.3+0.7

Juiciness 5.5+1.0 5.0+1.3

5.8+0.8

5.9+0.9 6.1+0.6

Overall acceptability 5.0+1.0 4.7+1.4

5.7+1.3

5.0+1.4 6.0%1.0 5.2+0.5

spoiled within 15 days of storage at 4°C. The processing
drastically reduced the activity of polyphenol oxidase
resulting in inhibition of fruit pericarp browning, and
allowing significant retention of anthocyanins and
hence the attractive reddish colour of the fruit. The

o processing did not adversely affect any quality attributes
of litchi fruits. Thus the current finding can help in
;.-;'j expanding the market access for the fruit in non-
W 2

producing regions. The technology has been well
- received by the entrepreneurs under DAE-societal
3= ~initiative including AKRUTI-program.
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- Introduction =/
] R LT
Sl LT
fyr=id L o Ay
ot An optical periscope is an instrument which facilitates Ak
e ~visual inspection of objects in a remote or out of line T4

- of sight location [1, 2]. In a nuclear reactor, the
113 periscope can be a vital in-service inspection tool for

: regular maintenance and other operations. For the
ol Prototype Fast Breeder Reactor (PFBR) under
~ development at Kalpakkam, pre-commissioning and
Tog v periodic in-service visual inspection of reactor vessel
7 ' internals under shut down condition is a mandatory
regulatory requirement. In view of this, a 10 meter long
optical periscope has been indigenously designed and
developed with the collaborative efforts of Applied
Spectroscopy Division (ASD), Division of Remote
Handling & Robotics (DRHR), Centre for Design &
Manufacture (CDM) of BARC and Reactor Component
Systems Division (RCSD) of IGCAR [3]. The instrument Fig. 1: Photograph of the Periscope

PFBR Periscope
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has been fabricated by BHAVINI and is ready for use at
PFBR, Kalpakkam. During operation, the periscope will
be inserted into the PFBR from the top roof slab
vertically for inspecting objects present in the space
above the liquid sodium level filled with argon cover
gas inside the PFBR. The development of this custom
designed instrument is presented here (see Fig. 1).

PFBR

The PFBR has a main vessel of 12.9 meters diameter
and 13.2 meters height, with a roof slab and Large
Rotatable Plug (LRP) at the top (see Fig. 2). The roof
slab has six openings, four openings for intermediate
heat exchanger and two for primary sodium pumps.
The LRP has openings for in-vessel fuel transfer machine
and control & safety rod drive mechanisms. The various
equipments are installed inside the reactor through their
respective openings and are partially submerged in
liquid sodium. The gap between the top of the sodium
level and bottom of roof slab is filled with argon cover
gas. During inspection campaigns, the periscope is
introduced in to the reactor from the roof slab through
a 600 mm diameter opening on the LRP for inspection
of the various assemblies in this space. There are also
some components like purified sodium inlet pipe, argon
inlet pipe, siphon break pipe that are fixed from the
top of roof slab. The periscope will also facilitate visual
inspection of these components.

Fig. 2: Schematic of PFBR internals

Founder’s Day Special Issue October 2013

Periscope Design Features

The periscope will be used for inspection of the main
reactor vessel under shutdown condition in presence
of the reactor cover gas (argon). The maximum
radiation level in the reactor after 10 days of shutdown
is 1.3 R/h during which inspection can be carried out.
The main design features of the periscope are as
follows:

Length of the periscope: 10 meter

Object distance from the periscope end: 2 — 4 meter
Periscope is to be mounted on top of the reactor
vessel and inserted vertically through a sealed 600
mm diameter opening on the LRP of the reactor.
Spatial resolution: 2 mm without zoom and 0.2
mm with zoom

The maximum field of view: 15 arc degrees
Operating temperature: 150 °C (cover gas
temperature)

Object space scanning in the vertical plane: from
0° (vertical) to 115° (15° above horizontal)
Horizontal scanning: 360° by rotating the periscope
on vertical axis.

The periscope provides the facility of video
recording in addition to visual inspection.

The optics of the instrument towards the lower
objective end is fabricated with radiation hard
glasses for avoiding coloration.

Final image formed by the periscope is erect with
no lateral inversion.

The conceptual design of the instrument was based
on fulfilling the above requirements while working with
the constraints imposed during handling and operation
at site. An elaborate periscope handling and installation
procedure has been evolved to carry out the complete
inspection campaign in a leak tight manner. This is by
using associated accessories such as Leak Tight
Chamber, Preheating Chamber and Gate Valves. The
periscope is also sealed, purged with argon and
maintained at slightly higher pressure compared to the
reactor cover gas, so that there is no leakage of reactor
argon in case of the failure of the seal.
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Optical Design

The basic optical design concept is to image the object
field by an objective lens and then to relay this image
to the eye-piece at the periscope end by a set of relay
lenses. Fig. 3 shows the schematic optical layout in the
periscope. The object field is scanned in the vertical
direction by using set of prisms while the horizontal
field is scanned by rotating the entire periscope about
the optical axis. The rotation of the prism during
scanning also rotates the image. A compensating
additional image rotation is made by rotating a Pechan
prism in order to maintain the image orientation. The
overall design ensures that the image is finally seen in
a proper perspective and no lateral inversion is
introduced.

The system is designed with a maximum magnification
of 9X for resolving an object of 0.2 mm at 4 meters,
considering the angular resolution of the normal human
eye [4]. The primary image is formed by a zoom lens
objective having zoom ratio of 3 placed behind the
scanning prism. An optically compensated [5] three
element zoom lens has been designed keeping in mind
the simplicity of the mechanical drive needed for linear
lens movements in such a system. The focal length of
this lens varies continuously in the range 100 - 300
mm. The semi-field covered is 2.5° for 300 mm focal
length and 7.5° for 100 mm focal length. The relayed
image is focused at the image plane in the eyepiece
module. The periscope consists of two arms each for
visual inspection and for photography respectively. The
optical aberration correction and the design
optimizations for best image quality were carried out
using optical ray tracing techniques by computer
programs developed in-house.

Mechanical Design

The periscope is housed in a single main tube to
facilitate ease of handling during deployment and
removal of the unit. The main design requirement is
the correct alignment of optical elements and the
maintenance of optical alignment during movement
of optical components for zooming, scanning and
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Fig. 3: Schematic optical layout of the periscope

focusing. The design is based on modular construction
of optical mounts for ease of assembly, alignment,
optical testing and disassembly of optical elements if
needed during alignment. The periscope consists two
main mechanical sub-systems viz., Main tube assembly
and Viewing tube assembly (see Fig. 4).
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Fig. 4: Mechanical assembly layout of
periscope

Main Tube Assembly

Main outer tube is a 400 mm OD and 380 mm ID,
SS304 pipe and is hard chrome plated and ground from
outside to have scratch proof surface, as per the sealing
requirements. The bottom plate fixed to the main tube
provides support for lamp modules and associated
systems. The main tube assembly provides the required
support and rigidity to the Viewing assembly. The top
portion of the main tube is provided with lifting lugs
and openings for services such as cooling argon,
electrical cables, motors and switches etc. The main
tube also supports the control panels and the operator
cabins mount. The main tube is installed on the rotating
table to facilitate axial rotation and the linear axial
movement of the periscope.
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Viewing tube Assembly

Viewing tube assembly houses all the various optical
elements with high mechanical accuracy as per the
optical design. This assembly consists of accurately
machined lens mounts, connected to each other by tie
rods, which are machined precisely and fixed into
reamed holes of corresponding lens mounts. The design
of the lens mounts is such that the concentricity of
0.05 mm is maintained throughout the relay lens
system. The lens mounts have provision of spacers for
fine axial distance adjustment and viton ‘O’ rings for
cushioning.

Scanning prism assembly consists of two prisms mounts
with a rotation mechanism for the front prism to
facilitate scanning by 115 degrees in vertical plane.
Zoom lens assembly consists of a set of 3 lens mounts
arranged longitudinally with the central lens mount
fixed. The two extreme lenses are held at a constant
distance and are moved as a unit longitudinally for
zooming operation. The eyepiece assembly houses the
field lens, Pechan prism and the eyepiece with a high
degree of concentricity. This assembly gets located in a
ball bearing mechanism and is rotatable for image
correction.

llluminator Design
An illuminating system is housed just beside the viewing

canal at the periscope end for illuminating the objects
under inspection (see Fig.5). This system has been

IHlumination
window

Viewing
window

Fig. 5: Periscope end showing illumination and viewing
windows
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designed to provide light levels of the order of 700 to
1000 lux for comfortable viewing. Considering the light
transmission efficiency of the visual canal consisting of
multiple elements and surfaces, the light intensity
provided on the object is 2500 lux. Two xenon arc lamps
of 300 W power consisting of an integral reflector are
used for the illumination. One lamp with ellipsoidal
reflector and another lamp with parabolic reflector are
housed side by side. The lamp with ellipsoidal reflector
provides a diverging light which is controlled to 18° by
an associated focusing lens system. The lamp with
parabolic reflector provides a low divergence light beam
of 8°. This arrangement allows for the operator to
selectively choose higher illumination in the central field
for any inspection with high magnification if required.
A system of scanning prisms at the ends for both the
lamps allow for directing the illuminating beam in the
desired direction for inspection.
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Fig. 6: Diagram showing xenon lamp cooling
arrangement

The xenon lamps used in the illuminator has heat-sinks
mounted on copper electrodes operating with 25 kV
striking pulse. The lamps are originally designed for
operation in air with forced cooling. Since the periscope
is a sealed device and has argon as operating
environment, an additional arrangement with ceramic
enclosure on the lamp for electrically isolating the
electrodes, while facilitating cooling with argon flow
has been designed (see Fig. 6). The heat-sinks on the
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lamps are provided with resistance type temperature
detection probes. The operation of the lamps is
interlocked with temperature to ensure that the lamps
are operated within their safe operating zone. The
requirements of cooling argon were arrived at on the
basis of detailed thermal analysis. The argon supply is
taken from the argon header available in the Reactor
Containment Building. The supply is routed to the lamp
modules through SS flexible hoses having arrangements
for quick disconnection from the illuminator modules
to facilitate maintenance of lamp modules.

Periscope Controls

The optical component displacements in the periscope
for vertical scanning, zooming, focusing, light
deflection and the periscope rotation are motorized
using stepper motors compatible to argon environment
and 130°C temperature. The motors are controlled by
individual controllers with adjustable speeds. Non-
contact type of magnetic position sensors are used for
home position sensing and limiting the movements.
The control systems in the periscope is PLC based and
has interface for operation, display of status information
and monitoring of the operational interlocks. A remote
I/0 panel situated at 15 to 20 meters away from the
periscope houses the main control PLC and its

Fig. 8: Test images recorded using the periscope
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associated local I/O interfaces and motor controllers.
An additional ergonomically designed operator panel
is mounted below the eyepiece assembly on the
periscope (see Fig.7). Both the panels have joystick
interface, for operation of various motions with a touch
screen for setting of various parameters and for
information display.
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Magnetics Flux compression generation or FCG is one
of different kinds of explosively driven pulse power
source which finds versatile applications. The helical
Flux compression generator coils have been
indigenously designed and in-house fabricated. Single
ended Helical Flux compression generator experiments
using 300gm of high explosive were started. All the
experiments were conducted with keeping explosive
quantity constant. The team efforts in indigenous
development of the HFCG resulted in a remarkable
achievement in very high magnetic field generation
experiments for high power microwave generation and
quasi spherical implosion for fission or fusion
experiments. A figure of helical flux compression
generator is shown in Fig. 1. The salient features of the
results are as given under.

Fig. 1: Helical Flux Compression Generator Coil
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Brief write-up on #RI-X.X coil

In the successive dynamic trials with subsequent
modifications in coil design, the average overall
efficiency has been attained up to the level of 0.75.
In the dynamic trials, with coil designs briefly designated
as #RI-1.X, #RI-2.X and #RI-3.X, maximum current
gains of 48 , 61 and 72 have been demonstrated,
producing peak currents of 162kA, 225kA and 554kA
with seed currents of 3.4kA, 3.7kA and 7.7kA
respectively. In terms of energy gain and overall
efficiency ( ), the initial inductive energies were
amplified to ~9.4 , —~15 and —18 , where as the
maximum overall efficiency ( ) were obtained as 0.70,
0.73 and 0.75 respectively. It may be noted that weight
of Comp-B explosive used in these experiments was
limited to 0.3kg and all trials have
been conducted inside 1.4kg
containment chamber.

The brief description regarding
performance of compact single-
ended flux compression generator
designs #RI-1.X, #RI-2.X and
#RI-3.X that were dynamically
tested in field trials is as followed:

An important aspect of #RI-3.X
coil design was that the enhanced
utilization of same explosive mass
(which was limited to —0.3kg in
all coil designs) has been
successfully demonstrated. In
comparison to coil designs #RI-
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1.X & #RI-2.X, #RI-3.X has resulted in much superior
performance even at higher seed currents, while the
explosive mass remained same. (As mentioned above,
its dynamic trial has resulted in most efficient
performance yielding highest ever-obtained current
gain of 72 (i.e. 554kA of current output) at seed
current level of 7.7kA, along with improved overall
efficiency i.e. —0.75).

Brief write-up on #PA-X.X coil

Shri Partha Banerjee is working on Helical Flux
Compression Generator (HFCG). He has designed and
developed HFGCs for use with —300 gms of
Composition — B high explosive. He modified the design
of SIN-3-179 - T28 (I,S) — PA — 7.# series HFCG. The
modified version, SIN — 3 — 179 — T28(l,S) — PA — 8.#
series was designed to prove that he plasma formation
due to adiabatic compression of the medium inside
the HFCG volume, can be controlled and the coil turns
can be protected from the plasma generated so that
the unwanted voltage breakdown between the turns
is avoided. The modified version of the HFCG has been
tested. The test achieved a current gain of 105 from a
seed current of 4.3 kA. The final output current achieved
is 450 KA. To note that this is the highest ever achieved
current gain from HFCG experiments in India.

Brief write-up on #R0O-1.X coil

The helical flux compression generator coils were
deigned developed and tested with an aim of achieving
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more than 300kA currents with seed currents of 20kA
in the ongoing series of experiments of flux compression
generator current amplifiers. Helical Flux Compression
Generators were designed and developed and tested
for delivering 400kA & 450KkA currents in two successive
shots using a seed current of 29KA. Interestingly the
load part was in the form of parallel strip type geometry
which is expected to offer higher load inductance. They
were made using a rectangular strip of copper
wire. The crowbar was pin type but tilted at an angle.
The end of the coil was extended to receive expansion
cone half-angle. The FCG coils and were utilizing
300gm explosive and have delivered maximum peak
current with almost perfect repetition seen in the fixed
explosive Composition — B with given dimensions. The
self-integrated Rogowski coils made employing
multilayered winding to enhance the time constant for
current measurement were also designed and
made for the flux compression generator experiments.
Extensive modeling of the Flux compression generator
coils were also done to get results in short time in
order to analyze and predict the operational parameters
of cails.
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