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Development of '“Ru bearing Sealed Source
for Eye Cancer Treatment Applications

Prithwish Sinharoy, Dayamoy Banerjee, Rohit Gupta, Arvind Ananthanarayanan,
Ramakant, Pawan D. Maniyar, Jayesh G. Shah, Kailash Agarwal, Smitha Manohar

and Chetan Prakash Kaushik

Nuclear Recycle Group, Bhabha Atomic Research Centre, Trombay, Mumbai

Abstract

Use of “Ru plaque in brachytherapy is a proven technique for treatment of different eye cancers. However, ubiquitous

availability of this treatment modality is limited due to highly expensive imported sources. The present communication

showcases indigenous development of "Ru based plaque source, starting from separation of the fissiogenic radionuclide

from High Level Waste (HLW) followed by its immobilization onto silver substrate and finally its encapsulation into silver

plaque. Evidently, availability of indigenous sources will greatly help in reducing the cost of brachytherapy and help save

vision.

Keywords : "“Ru plaque, eye cancer, ocular tumor, radioactive waste, electrodeposition, sealed source.

Introduction

horoidal melanoma and

retinoblastoma are the most

commonly occurring
cancers of the eye in adults and in
children, respectively [1-3]. As the
first solution, ophthalmic oncologists
prefer plaque radiotherapy owing to
the simplicity and flexibility
associated with the technique [1, 3].
Indeed, depending upon the location
and extent of the melanoma, plaques
with different geometries and varying
strength are being used for irradiation
[1]. Various radionuclides such as
“Co, "Ru, I, "*Pd, *Sr, and "*'Cs were
used in making ophthalmic plaques.
However, most commonly used
ophthalmic plaques are I and
"“Ru [1, 4]. "“Ru decays by emission
of high energy B-rays, while I decays
by electron capture to an excited state
of Tellurium-125 and thereby emits
low energy gamma radiation.
Indigenous development of I plaque
has been discussed elsewhere [5].
Present efforts were directed to
develop "“Ru plaque indigenously.

The use of "“Ru based plaque is more
convenient to doctors. This may

possibly due to relatively longer half
life of ""Ru. Further, p-radiation has

a limited range, leading to a steep
dose fall-off, allowing tumours
(upto 5mm) to be treated while
minimizing inadvertent irradiation of
sensitive ocular structures such as the
fovea or the optic disc [1 - 4].

Unlike "I, which can easily be
synthesized in chemically pure form,
"“Ru is available only in the nuclear
waste generated from reprocessing of
spent fuel. Therefore, isolation of the
fission product in chemically pure
form is a herculean task. This may be
one of the reasons that no Ru plaque
has been prepared after separation of
the fission products from High Level
Waste (HLW). In India, the
management of HLW is being carried
out by partitioning of long-lived
minor actinides and valuable fission
products such as ""Cs and “Sr. The
activity lean solution is a treasure
trove of "Ru. Processing a cubic
meter of the solution will be adequate
for the preparation of thousands of
ophthalmic plaques.

In view of the abundant availability of
the radioisotope and its potential use
in eye cancer treatment, concerted
efforts were made, culminating in the
fabrication of "“Ru plaque suitable for
brachytherapy applications. In this

paper, salient features of process
development, including flow sheet
finalization for recovery of radio-
chemically pure "Ru, fixation of the
recovered "“Ru on silver substrate by
electro-deposition and fabrication of
sealed source have been highlighted.

Experimental

The actual HLW of research reactor
origin was initially subjected to
separation of "Cs by Calix crown,
followed by co-extraction of minor
actinide and Sr by TEHDGA. The
resulting activity lean solution is used
as the feed in the reported study.
Purification of '"Ru in radio
chemically pure form was carried out
as per the flow diagram given in Fig.1.
In the first step, KIO, (s) was added to
convert Ru species to RuQO,, which
was then extracted using CCl, pre-
equilibrated with Cl,. The extracted
ruthenium was stripped back using
0.1 M hydrazine in 1 M nitric acid.
The strip solution was dried and the
residue after dissolving in 4 %
sulphamic acid was used as catholyte.
The "Ru was electrochemically
deposited on Ag cathode using Pt
anode and sulphamic acid as anolyte.
The Ru deposited cathode was further

used for plaque preparation.
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Fig. 1: Schematic flow sheet depicting ~ Ru extraction from HLW and subsequent electrodepositionon Ag

The plaque consists of a 0.9 mm thick
Ag backing plate (dia 15.8 mm), the
0.2 mm thick Ru coated Ag substrate
and a 0.1mm thick Ag window (dia 16
mm). The entire assembly was sealed
using an Ag based brazing alloy. For
the sealing operation, the plaque was
assembled on a graphite jig, which
was then placed in an all quartz bell jar
assembly maintaining an Ar
atmosphere. This assembly was
introduced into the furnace preheated
at 870°C in a controlled manner and
withdrawn after about 2 minutes, for
cooling under ambient condition.
Post cooling, the plaque was bent to
the required radius using a die.

Results and Discussions

The waste feed used in this study was
relatively clean and contains only
traces of "'Cs (0.1 mCi/l) and almost
equal amount of “Ru and Sb (30
mCi/l). For the selective separation,
Ru species were oxidized to RuO, and
extracted in CCI,. The extent of
extraction was studied by varying
aqueous to organic (A:O) ratio. It was
found that almost 80% of '“Ru can be
extracted using A:O ratio of 1 in a
single contact. The decrease of
organic volume reduced the extent of
extraction, but not significantly.
Almost 73%
extracted to the organic phase in a

of ruthenium was

single contact using A:O ratio of 3. It
was observed that extraction of RuO,
in CCl, is quite rapid and complete
equilibration was attained within 10
minutes. This is possibly due to very
high solubility of the RuO, in CCl,. As
RuO, is highly volatile, extraction was
carried out under closed conditions to
minimize the volatilization loss of the
radioelement. Further, RuO, is highly
unstable and can be reduced easily to
RuO, upon contact with any organic
medium. An oxidative condition is
therefore mandatory to maintain
RuO, in CCl, This was achieved using
Cl, gas equilibrated CCl,. Stripping of
the RuO, from CCl, phase was carried
out after reducing the RuO, to Ru(III).

Considering the source preparation
by electro-deposition method, a
medium directly suitable for
electrolysis such as sulphamic acid,
was considered to be the ideal choice.
The use of sulphamic acid, alone and
with hydrazine was attempted. Due to
poor stripping efficiency of the
previously mentioned processes,
hydrazine in HNO, was used. Under
these conditions also, a long
equilibration time of at least 1 hour
was required to achieve quantitative
stripping. The stripped solution was
analyzed using HPGE detector
coupled with 8K MCA. No peaks

other than gamma peaks for "“Ru are
seen, indicating that the process is
effective in separating Ru in
radiochemically pure form. By
adjusting, aqueous organic ratio, both
in extraction and stripping steps, it is
possible to get a concentrated solution
of “Ru.

Prior to electrodeposition of "Ry, the
strip solution was evaporated to
mitigate nitrate interference during
deposition. The residue was dissolved
in 4% (wt.) sulphamic acid and used
as catholyte. It is to be noted that the
Ru concentration in the catholyte is
quite low (< 300 ppm) and about 300
uCi of ““Ru needs to be deposited on a
substrate of diameter 12.7 mm. To
achieve this, while obtaining a
uniform and adherent coating,
several inactive coating trials were
carried using simulated waste. The
coated samples were analyzed using
SEM and EDS, with the results being
presented in Fig. 2.

An inspection of Fig. 2 indicates that
in case of high current density of 65
mA.cm” (left), the coating is thick and
layered. This coating is not uniform
and quite rough. Further, the colour
of the coating in case of high current
density is black indicating some
oxidation of the deposited Ru.
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High Current Density
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Low Current Density

Fig. 2: SEM micrograph of “Ru deposited electrolytically on Ag at different current densities. The lower images are the

In comparison, at low current density
of 5mA.cm”, (right), a more uniform
coating of Ru metal on the substrate is
obtained. Oxidation is also lesser than
the high current density case, as
evident from the silvery grey colour of
the coating. The optimized current
density of 5 mA.cm” was selected and
coating studies were carried out with
active Ru containing solutions for
various periods up to ~ 80 h. The
optimized electrodeposition
conditions are in good agreement
with the earlier study [6]. In all cases,
the coated source was washed
thoroughly in boiling water before
dispatch for activity measurement.
Table 2 collects the activity and dose
rate profile of the sources.

The final stage is the fabrication of the
"“Ru sealed source. Briefly, the sealed
source comprises the 0.2 mm thick
source piece in a sandwiched

EDS spectra of these samples

geometry between a 0.9 mm thick
backing plate and a 0.1 mm thick
window. As mentioned previously,
sealing was carried out under Ar
atmosphere. This served the twin
objectives of minimization of Ru
volatilization and preservation of the
graphite jig.

After preparation of more than 20
inactive plaques, first active source
sealing was carried out using a 25 pCi
source. During the sealing air activity

Table 2: Activity and dose profiles of
various "“Ru plaque sources

%Ry Dose rate
Sample no | activity at1lcm
(nCi) (mR/h)
Ru-1 80 100
Ru-2 50 50
Ru-3 25 40
Ru-4 210 400
Ru-5 282 600
Ru-6 367 600

was constantly monitored to check for
Ru escape. Almost negligible Ru
counts were recorded on the sample.
Finally, the sealed plaque was bent to
the required radius on a die. A file
photograph of a Ru plaque is
presented in Fig. 3.

The active Ru plaque was tested for
surface contamination by swipe
samples and sealing integrity was
ascertained by boiling water test for 3
cycles of 20 minutes each. Counting
revealed no activity in the immersion
liquid. All inactive plaques qualified
type classification tests carried out as
per AERB SS3 procedure. The plaque
design has got approval from AERB
for clinical trials at hospitals.

Conclusion

The present study demonstrates
isolation of radiochemically pure “Ru
from HLW. An electrodeposition
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process for immobilization of metallic
"“Ru on Ag substrate has been
optimized and used for source
preparation. An innovative sealing
process led to the realization of ""Ru
brachytherapy plaque. Indeed, this is
the third radionuclide, after ""Cs and
“St, to be isolated from HLW for

societal benefit.

Corresponding author and email:
Dr. Dayamoy Banerjee
(daya@barc.gov.in)
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Fig. 3: File photograph of “Ru plaque (a) Top view and (b) Rear view
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Abstract

Fuel for the future cores of Prototype Fast Breeder Reactor (PFBR) will involve plutonium reprocessed from short-cooled

high burn-up spent fuel. Fabrication of this fuel presently involves various activities resulting in high man-rem

consumption by the operator owing to its high specific activity. The challenges are further compounded due to requirement

of high production rate. Automation of the fabrication processes is a necessity to counteract this challenge. Spacer wire

wrapping of the fuel pins is one of the process steps which involves high exposure to operator. A fully automated and

remotized system was conceptualized, designed and developed for spacer wire wrapping of the fuel elements as a part of

achieving this objective. The key design feature of the system was to fully automate the operation cycle and also its

integration, in order to completely eliminate manual intervention while achieving the stringent quality specifications of the

fuel element.

Keywords: PFBR, Fuel pin, Spacer wire wrapping, Pitch, Crimping, Spot Welding, Automation.

Introduction

resently, MOX fuel elements

for PFBR are fabricated at

Fuel Fabrication (FF) Facility
at Tarapur wherein pin fabrication
operations require frequent operator
intervention. PFBR fuel pin
fabrication to meet the reload
requirements is associated with very
high radiological hazard due to high
content of plutonium sourced from
short cooled recycled fuel leading to
operator exposure during manual
interventions. Therefore, complete
automation of the process has been an
important objective during setting up
of Fuel Fabrication Plant (FFP).

Spacer wire wrapping of the fuel pins
is an operator intensive process step
which requires operator to perform
handling of the pins and spacer wires;
engaging the bead in bottom end plug
slot; engaging of the pin in the
machine; cutting of spacer wire,
disengagement of the wrapped pin
from machine and its transfer to spot
welding station. A fully automated
wire wrapping system was
conceptualised to minimise man-rem

and ensure damage-free handling of
the pin in a high throughput
fabrication facility. The system was
developed by integrating the wire
wrapping and spot welding
operations. The machine carried out
every cycle of operation in a pin
specific manner by measuring the
length and end plug offset angle in
advance and then controlling the
operation appropriately to achieve the
correct pitch of wire wrapping on
each pin. It has distinct features to
ensure safe and efficient sequential
operations on eight pins placed on
a tray, without any manual
intervention.

Fuel for the upcoming Prototype Fast
Breeder Reactor (PFBR) is Uranium-
Plutonium mixed oxide (MOX). The
tuel pellets are annular in shape and
stacked in D9 clad along with axial
blankets on either sides. The loaded

fuel pins are hermetically sealed by
welding end plugs at both ends. The
welded fuel pins are wrapped with D9
spacer wires with a specified pitch of
wrapping. The spacer wire has a bead
at one end to be entangled to the
groove provided on the bottom end
plug of the fuel pin. The top end plug
has a slot through which the wire
requires to pass precisely, and is
crimped. The wire is welded on the
top end plug by spot welding [1].

The length and diameter for PFBR
fuel pin are 2580 +
6.6 £ 0.02 mm respectively [2].

5 mm and
The
spacer wire diameter and pitch of
wrapping are 1.6 + 0.02 mm and
200 + 5 mm respectively [2, 3]. The
schematic of wire wrapped fuel pin for
PFBRisshownin Fig. 1[4].

The spacer wire is wrapped to ensure
consistent coolant flow resulting in

@ 6.6 mm

2580 mm

— - |

Fig.1: Schematic of PFBR fuel pin
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Automated Spacer Wire Wrapping System for Fuel Elements

Fig. 2: Schematic diagram of wire wrapping system

efficient heat transfer. The diameter of
the spacer wire and pitch of the wrap
is specified to ensure stable thermo
hydraulics of the coolant in the
reactor. It is also crucial to ensure the
tightness of wire wrap to maintain
consistency in heat transfer. The wire
is wound with a tension of 5-7 Kg to
ensure no gap between the wire and
the pin [1]. Any variation in these
characteristics of the pin may lead to
distortion in coolant flow pattern and
thereby generation of thermo-
mechanical stresses on the pin.

Methodology

The automated wire wrapping system
is broadly divided into two parts,
namely the mechanical part and the
control part. The mechanical part
consists of gantry system with gripper
assembly, tray tables with push and
pull mechanism and wire wrapping
system consisting of several
subsystems for pin handling, wire
handling, pin positioning & rotating,
wire feeding (engaging of bead and
wrapping around the pin), wire
crimping, wire cutting & disposal and
spot welding. Pin tray and wire tray
having 8 pins and 8 wires respectively
and are positioned adjacent to work

table under the gantry for handling.
The control part consists of a motion
controller, PC for operation control &
monitoring, servo motors and sensor
circuitry. The wire wrapping system
also has a UPS system with a battery
backup of 20 minutes. The system
developed is fully automated and
undergoes a sequential operation in
every cycle. The schematic of the
system designed is shown in Fig2.

The sequence of operation which gets
repeated for eight times for each tray is as
follows. The pin handling system
consists of a XY manipulator with
specially designed Teflon grippers to
ensure scratch proof handling of pins.
The two degrees of freedom of the
manipulator are servo driven and are
precisely controlled. The manipulator
has eight equi-spaced grippers to
ensure sufficient support to the pin
thereby eliminating sagging. The
grippersare normally closed to ensure
fail-safe operation and are actuated to
open. The grippers pick and place the
pin from the tray on the V-support
provided on the work table. The
grippers also pick the wire and place it
near the work table where it is
engaged with a roller assembly and a

jaw. Two chucks with individual
motor control are provided on either
side of the V-support on which the pin
is positioned on the work table.

The length of the pin is first measured
with a LVDT before it is held with the
chuck near the top-end plug. A
camera based sensor is placed near
the chuck adjacent to the bottom-end
plug which is used to capture its
images through indexed rotations of
the pin using the chuck rotation.
These images are used to check the
orientation of the groove on the
bottom-end plug for engaging the
wire appropriately. Once the pin gets
so aligned, the bead of the wire is
engaged to the groove with the help of
the roller assembly in which it is held.
The rollers undertake differential
motion in such a way that the wire
bends and enters the groove on the
bottom end plug.

An additional plate with a V-groove is
placed subsequent to the roller
assembly such that the wire retraces
its path to the groove even if the
alignment is not proper on account of
the mechanical stiffness. After the
roller engages the wire into the grove,
the jaw pulls it to provide the desired
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tension to the wire to arrest the bead
in the groove. The chuck near the
bottom-end plug holds the pin for
further operation and releases it from
the other chuck. Another camera
based sensor is placed near the chuck
adjacent to the top end plug to check
the orientation of the top end plug slot
by indexed rotation of the pin.

The angular offset of the top-end plug
slot from the bottom end plug groove
is calculated using this indexed
rotation of the chuck and ensured to
be within 270° + 15°, based on which
the pin is either taken up for wire
wrapping or rejected. The measured
values of pin length and the angular
offset of end plugs are used to
calculate the speed of rotation of the
chuck to ensure a pitch within the
specified range (200 £ 5mm). The jaw
holding the spacer wire is moved
along the length of the pin in
synchronisation with the pin rotation
to ensure gapless wrapping of the
wire.

Post the wrapping of the wire on pin,
the crimping head aligns itself onto
the top-end plug and crimps the wire
into the slot such that the wire is
tightly held in position with desired
tension. The wire is spot welded in the
slot using TIG welding to ensure
stability during irradiation. After the
spot welding,

a cutting tool cuts the extra length of
the wire and an additional pick-and-
place system (gripper) disposes the
cut piece of wire to a trash bin. After
the operations are completed, the pin
handling system picks the wire
wrapped pin and places it back in the
pin tray in the position from where
the unwrapped pin was selected.

The PC based control system enables
the operator to start the process of
wire-wrapping after a tray is placed in
the predefined location. The
manipulator performs indexed

movement for completing the

B A - |

Fig. 3: Pin and wire handling subsystems.

operation on all the eight pins. The
manipulator starts the operation from
the first position of the pin on the tray
and repeats the sequential operation
by indexing its position on the tray till
the eight position of the pin tray.
However, the operator can intervene
to select a pin from any random
position of the tray and execute the
entire sequence. The system provides
a live display of the pitch and tension
at which the wire is wound during
each operation. The camera based
system enables the operator to
scrutinize the orientation of the slot,
crimping of the wire and pitch of the
wrap before proceeding to spot
welding.

System Description

The overall dimensions of the system
are 7.8 m, 2.9 m and 2 m along X, Y
and Z-axes respectively. The fuel pin
tray and the wire tray can
accommodate eight fuel pins and
eight wires, respectively. The spacer
wires are pre-cut to a length of
3500 mm. Both the trays are made of
stainless steel base for support and
aluminium profile with V-groove
along with U clips for holding and
latching the fuel pins and wires.

The pin and wire handling subsystem
is specially designed to pick and place
the fuel pins and wires to the location
of wire wrapping in the system as
shown in Fig 3. There are eight
equi-spaced rhombus shaped
grippers for gripping the pins and
wires from the respective trays. These
grippers are Teflon coated so as to
prevent any damage on the surface of
the pin.

The optical sensor used for the top
and bottom end plug has a standard
resolution of 640x480 pixels with a
2X magnification. It has a 32 MB
flash memory and unlimited memory
through remote network device.
Fig. 4 shows the actual photograph of
the camera placed near the chuck.

The system is mounted over LM
Guide and ball screws of 4000 mm
length, 20 mm diameter & 5mm pitch
and moves through the complete
length of the pin while the pin rotates
along its axis.

Crimping force is applied using a
mandrel hydraulically. The crimping
force is ensured to be sufficient
enough to engage the wire into the
top-end plug slot but does not cause
any damage to the pin. After it is
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crimped, the wire is cut with a scissor-
like arrangement and is disposed in a
bin. The pick-and-place mechanism
lifts the wire-wrapped pin and places
it on the welding station adjacent to
the wrapping system where the wire is
welded onto the pin by spot welding.
Proper orientation of the pin for
welding and positioning is
ascertained using the automated
movement of the chuck. The precise
positioning of welding electrode is
adjusted and monitored remotely
using a camera. The spot-weld
electrode has a circular cross section
and area slightly greater than that of
wire so as to provide sufficient weld
area. The spot-weld is carried out at
230 VAC (single phase) +/- 10%,
50 Hz supply. The rated power and
current of the welding machine are
5.4 Kwand 24 Amp respectively with a
voltage of 56 V. Figure 5(a) and 5(b)
show the camera guided electrode
positioning system for welding
operation and the welding operation
in progress respectively.

The online UPS system operates on
360 VDC, three phase input three
phase output supply with an input
power factor of 0.9, 50 Hz frequency.

Automated Spacer Wire Wrapping System for Fuel Elements

Fig. 4: Input camera placed near the chuck.

Thirty batteries are used to get the
desired backup.

Results

Trials were conducted on 20 dummy
(without fuel pellets) PFBR fuel pins
(D9 SS) with actual PFBR spacer
wires. The average operation cycle
time was 18 minutes without any
manual intervention. The wire
wrapped pins were checked for
various parameters such as pitch,
tension of the wire, visual,
dimensional, bow and wire-pin gap
and found to be within the specified
range of acceptability.

Conclusion

A fully automated spacer wire
wrapping and welding system having
the following important features has
been developed for PFBR fuel pins
which significantly contributes to
reduction in operator manrem while
harmonizing with the high throughput
rate and product quality required for
PFBR fuel fabrication.

Salient operational features
include:-

» Achieving the specified
characteristics on finished fuel pins
with good repeatability.

Fig. 5: (a) Camera guided electrode positioning system for welding

operation and (b) Welding operation in progress
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4

Auto-adjustment of operational
parameters with respect to the
measured length of each fuel
element length to ascertain the
required pitch.

Auto conformance check of end

M

plugs orientation (automatic) for
acceptance prior to wire wrapping
operation.

M

Flexibility of carrying out
operations on any randomly
selected pin in a semi auto
operation in addition to the auto
sequential operation from a tray
loaded with eight pins.

M

System designed to ensure
appropriate bead engagement in
bottom end plug irrespective of wire
distortion.

M

Remote monitoring, operation and
control of the system.

Operational safety features
incorporated for fail safe operation
are:-

» Inherent Fail Safe mode design in
case of a power failure.

» UPS system with battery backup
for 20 minutes to ensure safe
completion of the ongoing wire
wrapping, cutting crimping and
welding cycle in case of power
failure.

» No loss of data and positional
information maintained to ensure

continual operations.

» Live camera feed available to the
operator to reset the operation
manually if required.

» Embedded U-clips design in trays
for holding and locking of wires and
pins in proper position.

Corresponding author and email:
Dr. P. S.
(somaya@barc.gov.in)
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Abstract

Deterioration of water quality contributes to water scarcity. The pollutants from several sources contribute to water
pollution rendering the water unusable. Modern wastewater treatment plants across the world have adopted the Sequencing
Batch Reactor (SBR) technology for the removal of organic matter and biological nutrients in the wastewater. Aerobic and
anaerobic biological processes occur in sequential manner in a SBR plant in a single tank and technology offers significant
advantage in terms of flexibility in handling low or varying influent load. The effectiveness of waste removal in SBR solely
depends on the effective metabolism by microbial population present in the tank, which in turn affects settling rate of the
sludge. High abundance of bulking and foaming bacteria can negatively impact SBR's performance and operation. The
knowledge of filamentous bacterial population can facilitate better control and management of full-scale treatment plant.
The culture-independent 16S rRNA metagenomics analysis of flocs from BARC hospital SBR was carried out by targeting
hypervariable V3-V4 regions of 16S rRNA genes, with an aim to understand the capabilities of the plant. The approach
successfully annotated 98.4% bacterial phyla. However, surprisingly, the load of each of the filamentous bacteria and

archaea was not more than 1%.

Keywords: Wastewater treatment, Sequence Batch Reactor, bulking and foaming, bacterial identification,

Introduction

omestic sewage, industrial

effluents, leachates from

solid waste dumps and
waste from farms such as pesticides,
herbicides and organic manure,
contribute to water pollution.
Wastewater treatment plants across
the world mostly use aerobic and
anaerobic biological processes for the
removal of organic matter and
biological nutrients (Nitrogen and
Phosphorous) in the wastewater. The
principal application of the processes
is for (1) the removal of the
carbonaceous organic matter in
wastewater, (2)nitrification,
(3)denitrification, (4) phosphorus
removal and (5) waste stabilization.

The Sequencing Batch Reactor (SBR)
in a wastewater treatment plant works
on the principle of fill-and-draw
strategy and is based on sequential
activated granular sludge process in
which oxygen is supplied to facilitate

metagenomics, 16S rRNA sequencing

the metabolic reaction (bacterial
growth to break-down
contaminants). The activated sludge
(solid waste containing the bacterial
colonies) is allowed to settle naturally
under quiescent conditions. The
settled sludge is partly removed for
proper disposal and the rest is mixed
with the next batch of wastewater.
Recycling is necessary for activated
sludge process. The key advantages of
SBR process are: Dense microbial
structure, good settleability, high
biomass retention and the ability to
tolerate high organic loading rate
(Lili et al., 2005). The effectiveness of
waste removal in SBR depends on the
effective metabolism by microbial
population present in the tank. It has
recently been suggested that the
chemical composition, rather than
the bacterial composition of the
incoming wastewater, is the main
factor in the formation of activated
sludge structure (Shchegolkova et al.,
2016).

The bulking of sludge (improper
settling) may arise due to (a) the
growth of filamentous
microorganisms (bacteria and algae),
which do not allow desirable
compaction; or (b) due to the
production of non-filamentous
highly hydrated biomass (Rao, 2007).
The presence of toxic substances in
the influent, lowering of temperature
and improper aeration are amongst
the several well-known causes for
spoiling the efficiency of SBR. These
factors impair microbial growth and
also change their population
structure (Liu etal., 2008).

It is important to study the
composition of microbial community
of the SBR tank and
biodegradational capability for

also their

avoiding many technical problems.
Various approaches have been used to
identify microbial population in the
activated sludge. Microscopy or
conventional molecular methods may
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(b)

Fig.1. a)The SBR plant in Anushaktinagar, b) Granules structure

Table 1.
pH BOD COD TSS DO TN
(mg/ml) [ (mg/ml) | (mg/ml) | (mg/ml) | (mg/ml)
Influent 6.88 123.3 370.0 548.0 0.53 2.63
Effluent 6.73 23.3 70.0 76.0 2.05 0.93

not yield the full profile of bulking
and foaming bacteria in the normal
activated sludge (Guo and Zhang,
2012). Importantly, 16s rRNA gene
based metagenomic analysis is the
most recent, cost-effective, and highly
reliable microbial identification
method based on Next Generation
Sequencing (NGS) techniques
(Forbes et al., 2017). It is a culture
independent technique and uses
genetic material recovered directly
from environmental samples (Liaw et
al.,2010).

In this paper, we present the bacterial
community analysis of floc samples
taken from SBR wastewater plant in
Anushaktinagar, Mumbai. Some
detailed information of the SBR is
summarized in Table 1 & Fig. 1.

To analyse the bacterial structure,
total DNA was isolated and hyper-
variable regions of V3 and V4
segments of 16S rRNA genes were
PCR amplified. The amplicons were
analysed using Miseq NGS. In total,
we collected 94,883 sequence reads.
In-house data analysis detected
28 phyla, 59 classes, 112 orders, 237
families, 583 genera, and 883 species.

Table 1. Characteristics of wastewater
treatment plant; BOD, biological
oxygen demand; COD, chemical
oxygen demand; TSS, total suspended
solids; DO, dissolved oxygen; TN,
total nitrogen.

Materialsand Methods
Sampling and DNA isolation

The samples were obtained from the

wastewater treatment plant,
Anushaktinagar, Mumbai. The
treatment plant receives the
wastewater generated from both
domestic and hospital consumption.
The samples were stored at -80°C.
These samples were thawed on ice and
centrifuged at high speed to harvest
the microbial cells. The cell pellet was
then re-suspended in DNA extraction
buffer [50 mM Tris-HCl pH 7.6,
50 mM NaCl, 50 mM EDTA, 5% SDS,
1 mM DTT] (Roose-Amsaleg et al.,
2001). The cell lysis was
supplemented by mechanical
disruption using glass beads beating
in tissue homogenizer for 2 minutes.
The extracted DNA, present in
solution form, was separated from
cellular debris using centrifugation
at 14000xg. The supernatant
containing DNA was purified using
phenol: chloroform extraction
method followed by alcohol
precipitation. The extracted DNA
was checked for purity and
integrity using 0.8% agarose gel
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1

2 3 4 5 6 7

Fig. 2. Quality check of DNA extracted from microbial population of hospital

SBR. Lane 1, Lane 2, Lane 3, Lane 5 and Lane 6 represents independent DNA
extraction. Lanes 4 and 7 are DNA 1kb ladder.

electrophoresis (Fig.2).

The cell lysis was supplemented by
mechanical disruption (beating) in
tissue homogenizer for a duration of
2 minutes by using glass beads.

Metagenomic Analysis

Variable regions V3-V4 of the
16S rRNA genes were amplified using
universal primers of conserved
regions. The PCR products were
paired-end sequenced by Illumina
Miseq platform (Illumina, San Diego,
CA). A total 94,883 sequence-reads
obtained in FASTAQ format were
evaluated by FASTQC, using default
parameters. The average read size was
301bp for forward and reverse
sequences. All the sequences were
analysed using Illumina BaseSpace
application. The application performs
taxonomy classification of individual

16S rRNA reads by using the Naive-
Bayesian based RDP classifier (Wang
et al., 2007) against Illumina-curated
version of the GreenGenes taxonomic
database. Abundances of the various
taxa in a given sample were calculated
as the total number of sequences
assigned to a given taxa divided by the
total number of sequences in that
sample.

Results and Discussion

Bacteria present in wastewater
treatment plants are important
contributors in the degradation of
organic and xenobiotic compounds
present in the wastewater. Changes in
the microbial diversity or metabolism
of these bacteria can affect the
whole wastewater treatment process
(Guo et al., 2014). However, despite
their importance in the processes,

Microbial Community Analysis of BARC Hospital Waste Water...

microbial communities of these
wastewater treatment plants are still
poorlyunderstood.

The taxonomic composition of SBR
treatment plant was investigated at
the levels of phylum, class, order,
genus and species. The 16S rRNA
metagenomics analysis of 94,883
reads successfully annotated 98.86%
of total reads to the kingdom
taxonomic level, including eubacteria
(98.39%), viruses (0.44%) and
archaea (0.03%). The microbial
community structure of the sludge
sample at the class, order and family
level, each above 3.5% abundance
level, are represented in Fig. 3. The
microbial population of the sample
was dominated by phylum
Proteobacteria(61.42%), which is
consistent with the earlier results of
community analysis in the activated
sludge samples (Xu et al, 2018).
Other significant microbial phyla
were Bacteroidetes (15.48%),
Firmicutes (6.66%), Planctomycetes
(1.75%), Verrucomicrobia (1.57%),
Actinobacteria (1.53%) and
Acidobacteria (1.44%). Among
Proteobacteria, Betaproteobacteria
members were predominant at class,
order and family levels, and were
found to be most abundant in an
earlier study as well (Shah, 2014).
Rhodocyclales, belonging to
Betaproteobacterial class, was the
most abundant order in the present
microbial population (Fig.3).
of the
“Rhodocyclales” comprise a group of

Members order
bacteria which are involved in the
removal of anthropogenic
compounds in the environment
(Loyetal., 2005).

The present metagenomic analysis
identified a large number of bacteria
which are involved in the removal of
pollutants from the SBR plant.
Azospira, a nitrogen fixing bacteria
from phylum Proteobacteria,
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Others
Clostridia
Unclassified

Gammaproteobacteria

Class

Alphaproteobacteria
Deltaproteobacteria
Sphingobacteriia
Betaproteobacteria

Others
Rhodospirillales
Clostridiales

Unclassified

Order

Sphingobacteriales
Burkholderiales
Rhodocyclales

Others

Rhodospirillaceae

o

Amoebophilaceae

Familv

Unclassified
Comamonadaceae
Rhodocyclaceae

=
=
=

20 30 40 50
Abundance %

Fig. 3. Relative abundance of bacterial populations in the SBR plant. Unclassified
sequences may be due to lack of reference sequences in the database.'Others'
represent sum of all classifications with less than 3.50 % abundance.

Others
31.8%

Uliginosibacterium
gangwonense
1.0%

Comamonas
odontotermitis
1.0%
Chondromyces pediculatus
11%

Bdellovibrio
bacteriovorus
1.6%

restrictus “Anaeromusa 'Candidatus Amoebophilus
1.6% acidaminophila asiaticus'
22% 5.1%

Fig. 4. Species level classifications of bacteria present in the sample. 'Others'
represent sum of all classifications with less than 1 % abundance.

(Fig. 4, Table 2) was found to be the
most abundantgenus. The Azospira
strains, especially Azospira oryzae,
have the ability to reduce perchlorate,
nitrates and acytelyne  (Baeetal.,,
2007). Another highly prevalent
species, Dechloromonas, has been
suggested to be involved in de-
nitrifying phosphate removal (DPR)
in the anoxic periods in WWTPs
(Terashima et al., 2016). The DPR
process, in comparison to the
conventional enhanced biological
phosphorus removal (EBPR) process,
can reduce aeration demand and
carbon source requirement. The
species - Bdellovibrio bacteriovorus -
is useful in the purification of
wastewater as it decreases thegram-
negative bacterial counts (Sockett &
Lambert, 2004). Several species of
Magnetospirillum genus serve as
denitrifying bacteria, degrade
aromatic compounds under
anaerobic conditions (Shinoda et al.,
2005).Likewise, members of
Desulfovibrio genus are known as a
sulfate reducing bacteria and possess
the potential for bioremediation by
anaerobic conversion of pollutants
(Piresetal.,2006).

The present study also reveals
'Candidatus Amoebophilusasiaticus'
species as characteristic component
of our SBR plant. This species has not
been reported earlier in wastewater
treatment plants and is an obligate
intracellular amoeba symbiont
(Schmitz-Esser et al., 2010).
Interestingly, we have found single
floc-forming bacterial species,
Comamonas odontotermitis, with
nearly 1%abundance in SBR plant
sample analysis. Although, species
resolution was not very high (limited
to less than 50%) in the present
analysis, owing may be due to
sequencing of only V3-V4 domains of
16S rRNA, several of identified
species have also been observed in
other metagenomics studies.
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Table 2: Summary of the genus and species identified in the SBR sample

Taxonomy Classification Relative Char acteristic features Biological function References
level abundance %
Azospira 8.84 Gram-negative, non-spore- Perchlorate and nitrate reducing bacteria. Key role in Bae et al., 2007
forming, straight to curved rods high nitrate removal efficiency in groundwater
with a single polar flagellum and
harbor mostly nitrogen-fixing
Dechloromonas 5.81 Facultative anaerobe, nitrate- Revealed strong ability to accumulate polyphosphate ~ Terashima et al., 2016
reducing bacteria within its cells and leads to efficient in removal of
phosphorus from wastewater
Candidatus 5.08 Gram-negative, rod shaped perform the decomposition of organic matter into Tsao et al., 2017
Amoebophilus methane and CO,
Genus Anaeromusa 2.24 Anaerobic gram-negative curved Ferments and oxidizes amino acids Baena et al., 1999
rods
Bdellovibrio 2.14 Gram-negative, obligate acrobic Penetrate and lyses other gram-negative bacteria Sockett &  Lambert,
bacteria, highly motile, vibrio therefore useful in purification of waste water 2004
shaped, monoflagellated
Desulfovibrio 2.03 Gram-ne gative sulfate-reducing, Reduces metals such as chromium (VI), manganese Payne et al., 2002
rod-shaped, anaerobically growing (IV), iron (IIT), technetium (VII), and uranium (VI)
bacterium and alter their solubility and toxicity
Magnetospiril lum 1.99 Gram negative, helical, Used in the removal of heavy metals and radionuclides ~ Yan et al., 2012
magnetotactic, microaerophilic from waste water by magnetic separation
spirillum
Species Candidatus 5.08 Obligate endosymbiont Choi et al., 2009
Amoebophilus
asiaticus
Anaeromusa 2.21 Gram-negativeand obligately Amino acid degradation Diaz et al., 2007
acidaminophila anaerobe
Anaeromusa 2.21 Gram-negativeand obligately Amino acid degradation Diaz et al., 2007
acidaminophila anaerobe
Azovibrio restrictus 1.63 Gram-negative Reductively dechlorinates tetra- and trichloroethene Schlstelburg et al., 2002
Bdellovibrio 1.57 Predatory gram-negative, obligate Biofilm degradation capacity and used for reducing ~ Ozkanet al., 2018
bacteriovorus aerobe fouling of membranes used for wastewater treatment
Azospira restricta 1.43 Rod-shaped, gram-negative Nitrogen-fixing ability Bae et al., 2007
Azospira oryzae 1.41 Motile, facultative anaerobic and Reduces selenate, perchlorate, nitrates and acytelyne ~ Hunter 2007
Gram-negative
Variovorax soli 1.12 Gram-negative, catalase- and Benzene degradation by a Variovorax sp. in acoal tar-  Posman et al., 2017
oxidase-positive, rod-shaped, contaminated groundwater microbial community
nonspore-forming, motile
Chondromyces 1.10 Gram-negative, rod-shaped Holt et al., 1989
pediculatus
Comamonas 1.03 Gram-negative, aerobic, rod- Floc-forming, isolated from various environments Kim etal., 2008
odontotermitis shaped, motile including soil, freshwater, wetland, activated sludge
Uliginosibacterium 1.0 Gram-negative, motile by a single Weon et al., 2008
gangwonense polar flagellum

*Relative abundance =1%

It has generally been observed that
eubacteria dominated quantitatively
over archaea in both domestic and
industrial wastewater treatment
plants. While ammonia-oxidizing
bacteria are dominant nitrifiers,
biological denitrification is driven
typically by Methanisarcinales and
Methanomicrobials archaeal groups
during the anaerobic phase of the
treatment plant. Surprisingly,
archaeal load in the SBR was less
than 1%.

In order to produce well-settling
sludge, biomass flocs should be

regular, dense and strong. Bulking
and foaming are two major issues
critical to proper functioning of
wastewater treatment plants. Due to
bulking, the flocs become less dense,
which results in inadequate settling
thereby causing serious problems in
solid-liquid separation. Most of the
bulking events are caused due to
excessive growth of filamentous
bacteria (Martins et al., 2004).
Foaming occurs mainly due to
mycolata group of bacteria, many of
which are also filamentous. The most
commonly encountered bulking and

foaming bacteria (BFB) belong to
seven separate bacteria phyla
(Nielsen et al., 2009). Typically,
Alphaproteobacteria ('Nostocoida'-
like), Gammaproteobacteria
(Thiothrix and type 021N), the
Actinobacteria (Candidatus
'Microthrix', Mycolata) and
Chloroflexi (types 1851, 0041 and
0092) species have been reported in
high abundance in wastewater
treatment plants (Guo and Zhang,
2012). None of these BFB bacteria
were found in high abundance (>1%)
in the present study. Presently, active
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research is ongoing to understand the
identity and ecophysiology of
filament morphotypes.

In our analysis, we observed high
abundance of Comamonadaceae
family (>10%) and order
Burkholderiales (>12%). These have
recently been suggested to be involved
in the bulking process (Xu et al,
2018). Further metagenomics
analysis targeting V3-V4 and V6
hyper-variable domains of bacterial
16S rRNA and ITS1 and ITS2 regions
of fungi, is being pursued for higher-
order identification of microbe
population. In addition to this, an
overabundance of a filamentous
fungi-like microorganism and
certain nutritional conditions
(nitrogen/phosphorus imbalance)
promote bulking. Two successful
filamentous bulking control
mechanisms have been reported:
1) breakdown of filaments induced
by collisions (physical cut) and
2) by decreasing the biomass loading
rate (Matosetal.,2010).
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Dr. Vinay Kumar (vinay@barc.gov.in)

Acknowledgement

We sincerely thank Shri K.N. Vyas,
Chairman, Atomic Energy
Commission, for his role in initiating
these studies besides his continuous
encouragement during the course of
this study. We also thank Shri S.K.
Jaiswal for his kind help with respect
to wastewater treatment plant. We
also thank Water Chemistry Division,
Chemistry Group, BARC, who
designed the first wastewater
treatment plant functioning at
IGCAR, Kalpakam. This facility
provided the essential know-how and
inspiration for the BARC SBR plant.

References

1. H.S.Bae, B. A. Rash, E. A. Rainey,
M. F.Nobre, I. Tiago, M. S. da Costa
and W. M. Moe, 2007.

International Journal of Systematic
and Evolutionary Microbiology.
57:1521-1526.

2. S.Baena, M. L.Fardeau, T. H. Woo,
B. Ollivier, M. Labat, and
B. K. Patel, 1999. International
Journal of Systematic and
Evolutionary Microbiology.
49:969-974.

3. S. H. Choi, M. K. Cho, S. C. Ahn,
J. E. Lee, J. S. Lee, D. H. Kim and
H. S. Yu, 2009. The Korean journal
of parasitology. 47:337-344.

4. C. Diaz, S. Baena, M. L. Fardeau
and B.K.C. Patel 2007.
International Journal of Systematic
and Evolutionary Microbiology.
57:1914-1918.

5. J. D. Forbes, N. C. Knox,
J. Ronholm, F. Pagotto and
A. Reimer, 2017. Frontiers in
Microbiology. 8:1069.

6. E Guo and T. Zhang, 2012.
Water Research. 46:2772-2782.

7. J. Guo, Y. Peng, S. Wang, X. Yang
and Z. Yuan, 2014. Chemical
Engineering Journal. 255:453-461.

8. J.G.Holtand S. T. Williams 1989.
Bergey's manual of systematic
bacteriology. Vol. 4, Lippincott
Williams & Wilkins.

9. W. J. Hunter, 2007. Current
Microbiology. 54:376-381.

10. K. H. Kim, L. N. Ten, Q. M. Liu,
W. T. Im and S. T. Lee, 2008.
The Journal of Microbiology.
46:390-395.

11. R. B. Liaw, M. P. Cheng, M. C. Wu
and C. Y. Lee, 2010. Bioresource
Technology. 101:8323-8329.

12. L. Lili, W. Zhiping, Y. Jie,
S. Xiaojun and C. Weimin, 2005.
Enzyme and Microbial
Technology. 36:487-491.

13. H.Liu, G.Li, X.Li and]. Chen,
2008. Journal of Environmental

Sciences. 20:1243-1249.

14. A. Loy, C. Schulz, S. Liicker,
A. Schopfer-Wendels, K. Stoecker,
C. Baranyi, A. Lehner, and
M. Wagner, 2005. Applied and
Environmental Microbiology.
71:1373-1386.

15. A. M. Martins, K. Pagilla,
J. J. Heijnen and M. C. Van
Loosdrecht, 2004. Water
Research. 38:793-817.

16. M. Matos, M. A. Pereira,
A. Nicolau, A. L. Rodrigues,
A. G. Brito and R. Nogueira,
2010. In WEF/IWA Biofilm
Reactor Technology Conference.
pp-162-175.

17. P. H. Nielsen, C. Kragelund,
R. J. Seviour and J. L. Nielsen,
2009. FEMS Microbiology
Reviews. 33:969-998.

18. M. Ozkan, H. Yilmaz,
M. A. Celik, C. $Sengezer,
E. Erhan and B. Keskinler, 2018.
Turkish Journal of Biochemistry.
43:296-305.

19. R. B. Payne, D. M. Gentry,
Rapp-Giles, B. J., L. Casalot, and
J. D. Wall, 2002. Applied
and Environmental Microbiology.
68:3129-3132

20. R. H. Pires, S. S. Venceslau,
E Morais, M. Teixeira, A. V., Xavier
and I.A. Pereira, 2006.

Biochemistry. 45:249-262.

21. K. M. Posman, C. M. DeRito,
and E. L. Madsen, 2017. Applied
and Environmental Microbiology.
83:e02658-02616.

22. C. L. Roose-Amsaleg,
E. Garnier-Sillam and M. Harry,
2001. Applied Soil Ecology,
18:47-60.

23. C. Schloételburg, C.von
Wintzingerode, R. Hauck, F. von
Wintzingerode, ~W. Hegemann,
and Gobel, U. B. 2002. FEMS
Microbiology Ecology. 39:229-237.

BARC NEWSLETTER JULY - AUGUST 2018 15



BARC NEWSLETTER : . . - .
July-August 2018 Microbial Community Analysis of BARC Hospital Waste Water...

24. S. Schmitz-Esser, P. Tischler,
R. Arnold, J. Montanaro,
M. Wagner, T.Ratteiand M. Horn,
2010. Journal of Bacteriology.
192:1045-1057.

25. M.P. Shah, 2014. Journal of
Microbial and Biochemical
Technology. S5:002-006.

26. N.M. Shchegolkova G.S. Krasnov,
A. A. Belova, A. A. Dmitriev,
S. L. Kharitonov, K. M. Klimina,
N.V. Melnikova
A. V. Kudryavtseva, 2016.
Frontiers in Microbiology. 7:90.

and

27. Y. Shinoda, J. Akagi,
Y. Uchihashi, A. Hiraishi,
H. Yukawa, H. Yurimoto,

Y. Sakai and N. Kato, 2005.
Bioscience, Biotechnology, and
Biochemistry. 69:1483-1491.

28. R. E. Sockett, and C. Lambert
2004. Nature Reviews
Microbiology. 2:669-675.

29. M. Terashima, A. Yama, M. Sato,
I. Yumoto, Y. Kamagata, and
S. Kato, 2016. Microbes and
Environments. 31:449-455.

30. H. F. Tsao, U. Scheikl,
J. M. Volland, M. Kohsler,
M. Bright, J. Walochnik and
M. Horn, 2017. Scientific Reports.
7:3394.

31. Q. Wang, G. M. Garrity,

J. M., Tiedje and J. R. Cole, 2007.
Applied and Environmental
Microbiology. 73:5261-5267.

32. H. Y. Weon, B. Y. Kim,
S. H. Yoo, S. W. Kwon, S. J. Go
and E. Stackebrandt, 2008.
International Journal of Systematic
and Evolutionary Microbiology.
58:131-135.

33, S. Xu, J. Yao, M. Ainiwaer,
Y. Hong and Y. Zhang, 2018.
BioMed Research International.
doi: 10.1155/2018/8278970.

34. L. Yan, S. Zhang, P. Chen,
H. Liu, H. Yin and H. Li, 2012.
Microbiological Research.
167:507-519.

BARC NEWSLETTER JULY - AUGUST 2018 16



};‘ﬁ&g ‘iﬁws\tfszléli:gTER Research Article

Eddy Current Based Process Vessel Inspection

System

Debmalya Mukherjee, Shilpi Saha, S.G. Manral, Y. Chandra, S.B. Hande,

S.K. Lahiriand P.P. Marathe

Control Instrumentation Division, BARC

Santanu Dasand A.C. Bagchi

Integrated Fuel Fabrication Facility, BARC

Abstract

Non-destructive testing and evaluation (NDT&E) of process vessels is an essential exercise for the integrity management

program of an industrial plant. In many cases, such vessels are never opened in their operational life time due to the presence

of hazardous chemicals inside them. This calls for a non-invasive thickness estimation method to inspect zones of excessive

thinning of vessel and estimate its possible life-span ahead. While various NDT&E techniques are suited for such

applications like radiography, ultrasonic technique (UT), eddy current technology (ECT) etc, ECT has a specific advantage

over other NDT techniques as it is sensitive to surface & sub-surface defects, can be automated, needs access to one side only

with little or no surface preparation. ECT gives a volumetric estimation of thickness of the vessel, thereby reducing the time

required for inspection. Keeping the above application constraints in mind, a hand-held ECT based thickness estimation

system is developed and customized for inspection of Inconel-600 process vessels. The system is tested at BARC. The paper

outlines the development of this system, testing and final validation.

Keywords: Handheld, Eddy Current, Thickness, Gauge, FPGA, Inspection

Introduction

ealth monitoring of plant

equipment is an essential

and mandatory exercise to
minimise plant down-time that
affects its productivity and chances of
accidental hazards. This becomes
more critical for plants dealing with
materials that are chemically
hazardous in nature. While a variety
of methods and associated systems
exist for non-destructive testing and
evaluation (NDT&E) of materials,
they are mostly generic and needs to
be customized to suit specific
industrial equipment and
environment. This poses a challenge
to the integrity management program
of the plant where in-situ inspection
and periodic reporting is mandatory.
One such activity is the inspection of
process vessel for its overall thickness
estimation. As the process vessels are
not accessible from inside in their
operational lifetime, it becomes
essential to estimate its thickness with
high degree of accuracy, to monitor
(I) the gradual change in thickness

over time and thereby;, (ii) to estimate
the life of the vessel before it can be
replaced. There are various NDT&E
techniques for thickness estimation of
metals like, eddy-current testing
(ECT), ultrasonic testing (UT) and
radiography to name a few.
Radiography needs access to both
sides of the material [1] which is not
feasible in the inspection of process
vessels during plant operation. UT
needs a surface treatment and
application of couplant over the
inspection surface.

ECT works on the principle of
electromagnetic induction. In
industrial scenario, among other
electromagnetic non-destructive
techniques like magnetic particle,
magnetic flux leakage, magnetic
Barkhausen emission,
micromagnetic, potential drop,
microwave, AC field measurement
techniques etc., this technique finds
large number of applications with
respect to thickness estimation on
conductive surfaces. ECT also finds
versatile uses in power, aerospace and

petrochemical industries. ECT shows
excellent sensitivity to surface as well
as sub-surface defects and doesn't
require additional materials
(couplant) between its sensors and
material under inspection. In fact,
ECT being an electromagnetic
induction process, direct mechanical
contact with the sample is also not
required, as long as the sample is
conductive. There are few
commercially available ECT based
inspection systems like NORTEC 600
[2], MINIMAC-50 [3] among others,
but they are bulky and hence not
suitable for on-site monitoring during
plant operations. These constrains
led to the development of a
customized hand-held ECT based

thickness estimation system.

The inspection system developed is
used to estimate the thickness of
Inconel-600 process vessels at
Integrated Fuel Fabrication Facility
(IF3), BARC. The nominal thickness
of these vessels are 3mm. These
vessels are never opened in their
operational lifetime and must be
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inspected regularly keeping safety
and production down-time in mind.
The handheld eddy-current based
process vessel inspection system
developed has a resolution of 100
microns. The system developed was
calibrated and tested at bench-top
with a reference plate of thickness
varying in 100 microns steps. The
instrument was thereafter used at
different times over a year to inspect
the same process vessel at IF3, BARC
to ensure accuracy and repeatability.

The paper is organised as follows.
Section 2 deals with the theory on
ECT. Section 3 covers system and
sensor development, signal analysis
and calibration. Inspection of the
process vessel and its validation is
given in section 4. Section 5 concludes
the work highlighting the major
achievements and future scope of
work.

Eddy current technology

Eddy current testing is based on the
phenomenon of electromagnetic
induction. An alternating current,
when flowing through an eddy
current test probe or sensing coil,
generates an oscillating magnetic
tield. When the probe is brought close
to a conducting material, a circulating
eddy current is established through
the material. Changes in material
thickness or defects such as cracks,
wall-thinning, corrosion metal loss,
microstructure degradation leads to
changes in the amount and pattern of
these eddy currents and hence its
induced magnetic field (secondary
field). The interaction between
primary field of sensing coil and
secondary field generated by these
eddy currents alter the sensor coil's
impedance, Z. Z is a complex quantity,
comprising of R the coil's resistance,
and X, the coil's inductive reactance.
The relationship between Z, R and X,
is shownin equation 1.

Z=R+jX,=R+j2nfL (1)

Eddy Current Based Process Vessel Inspection System

This impedance change, usually of the
order of milli ohms to few ohms,
(depending on the excitation current
and frequency) is measured using
high-precision bridge circuits,
analysed and correlated with defect
dimensions. To get sufficient eddy
current field strength in the region of
interest (inspection area) within the
material, ferrite cores are used. In
some applications, the secondary
magnetic field is detected with
separate receiver coil or a solid-state
tield detection sensors.

The eddy current density decreases
exponentially with its depth inside the
specimen, as shown in equation 2.
J.and J,are the eddy current densities
at depth of X from the surface and on
the surface respectively, while § the
standard depth of penetration [4].

J. =J,e™ )

Theoretical standard depth of
penetration of eddy currents §, is
shown in equation 3.

8=1/Vnfuo (3)

where is f is excitation frequency,
u and o are respectively the magnetic
permeability and electrical
conductivity of the specimen. The
knowledge of § allows designers to
choose excitation frequency
appropriately based on the material
under inspection.

When an ECT probe is brought in
close proximity of a conducting non-
ferromagnetic material, its inductive
reactance decreases while its
resistance increases. The inductive
reactance decreases due to increase in

Coil 1:
On test
plate

Amplifier &
filter

P === === >
(ve)

Fig. 1. The locus of coil impedance
when it is brought close to a
conductive surface of varying
thickness

strength of secondary field (opposing
the primary field) reducing net
effective primary field, thereby
reducing the coil's apparent
inductance. As more energy is being
dissipated due to induction of current
in the specimen, the coil's apparent
resistance goes up. The combined
effect of change in X, and R, alters the
impedance Z of the coil. In most cases,
itis the locus of Z that is monitored to
get an estimate of the health of the
material under inspection. The locus
of Z=R+jX, for thickness reduction
in a material is shown in Fig. 1, for
sensor positions marked as A, B and
C. As the sensor moves from A to B,
i.e. from air onto the material surface,
electromagnetic coupling between
the coil and material goes up,
increasing the eddy current in the
material, thereby increasing the
energy dissipation (increase in R) and
secondary field opposing the primary
field (decrease in X, ). As the sensor is
moved over the material from B to C,
the net volume of the material below
the sensor goes down, reducing the
net eddy currents generated in the
specimen, thus decreasing energy

Sinusoidal
excitation

Amplifier &
filter

Serial comm. to
PC, signal
processing and
display

Data
acquisition

Fig. 2. Schematic block diagram of EC based thickness measurement system
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dissipation (decrease in R) and
thereby, reducing secondary field
strength leading to increase in X;. As
the order of R is much less than that
of X,, reduction in thickness leads to a
monotonic increase of Z, which is
sensed by the system developed and
calibrated against material thickness.
More details on this technology can

k@
EN

befoundin [5].

System development and signal Fig. 3. Handheld EC based thickness measurement system with calibration
analysis plate, battery and sensors

The ECT system was designed to — 7 @

measure and report thickness of
12" Inconel-600 vessels of nominal
thickness 3mm. The inspection range
is set at 2.5mm to 3mm. Thickness
below 2.5mm is considered unsafe by
the user and is classified accordingly
by the system as unsafe zones
irrespective of its absolute thickness.
The system is designed to have 2
independent sensors having identical
sinusoidal excitation. One sensor is
for thickness measurement (Sensor 1)
while the other is kept over a reference
plate of the same material seeing the
same ambient condition (Sensor 2).
The purpose of such a design is to
negate temperature bias and
eliminate pick-ups due to common
mode effects.

System development

The schematic block diagram of the
system developed is shown in Fig.2.
Two identical coils made of super
enamelled, copper wire is wound
around a ferrite core, and is excited
by a sinusoidal constant current
source. The frequency is set such that
strength of eddy currents at the inside

N

surface of vessel (3mm) is at least 50%

ool

of that of the surface currents, by

Fo
92)50 ' 0 0

inserting the appropriate parametric
values (4 and ¢ ) in equation 2 & 3.
Each sensor is connected to the

circuit board with high quality

microwave shielded-coaxial cable ‘

(RG-178), to maximize noise pedorhandheldECbasedthickness

Fig. 4. Electronics develo

immunity. These cables have a highly measurement system
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stable dielectric and low capacitance.

The sinusoidal signal obtained from
an oscillator circuit is fed to a voltage-
to-current (V-I) converter circuit.
This in turn excites the sensor coils
with a constant sinusoidal current
source, I(t)=I, sin(2nft), where
constants I, and f are decided based
on inspection parameters. Voltage
drop across either of the coil is given
inequation 3.1and 3.2.

V =LdI(t)/dt + RI(t) (3.1)

V=2nfLIcos(2nft)+RIsin(2nft) (3.2)

The voltage signal obtained from each
coil is subjected to analog signal
conditioning, which involves envelop
detection, level translation and
denoising. They are thereafter
sampled at 100Hz using custom built
low power FPGA based data
acquisition system. The system is
powered by a rechargeable battery
(portable cell-phone charger). It is
fitted with an LCD display to show
thickness in mm and a serial
communication link with PC for
calibration, graphical display (GUI),
signal analysis and grid-array
inspection.

After digitization, the conditioned
signal from both sensors are observed
by keeping sensor 1 (V(t)) over 3mm
plate and sensor 2(V,) over a standard
plate. At this condition, a 'Zeroing'
(bias switch) is set, which initializes
and subtracts a bias such that the
difference between sensor 1 & 2 goes
to OV (equation 4) for 3mm specimen
thickness. V,and bias is not allowed to
change throughout the length of the
inspection and must be re-initialized
at every power-on. The difference
between signals of V(¢ ) and V,along
with bias correction ensures that
outputreads OV for 3 mm thickness.

V,(t)=V,(t)-V, - bias (4)

At 3mm, sensor 1 is at position B of
Fig.1. It can be seen that as the

Vo(t)

3 2.9 2.8

2.7 2.6 25

Thickness in mm

Fig. 5. Data of accuracy and repeatability tests for the thickness measurement

system over calibration template.

thickness of material below sensor
1 reduces, the Z of the coil goes up.
Since, the sensor is being excited by a
constant current, V,(¢) goes up. Other
parameters of equation 4 being
constant, V(¢ ) goes up. Thus V,(t) is
0V when sensor 1 is over 3mm thick
material and monotonically increases
as the material thickness decreases.
This V,(t) is used to calibrate the ECT
system. The handheld system with
sensor and calibration template is
shown in Fig.3 and associated
electronics in Fig.4.

Calibration and table-top validation

The system is calibrated with an
Inconel-600 template having 3mm,
2.9mm, 2.8mm, 2.7mm, 2.6mm and
2.5mm standard thicknesses, with a
tolerance of 10 microns. After
securely fastening sensor 2 to a
reference plate, the system is switched
on with sensor 1 over 3mm
calibration template. The bias
correction is done ('Zeroing'), and
V,(t) becomes 0 for 3mm. Sensor 1 is
then moved over the calibration
template and V,(t) is observed for
each thickness. The process is
repeated several times to establish the
repeatability of the sensing system

(Fig.5). The variance observed for
each thickness template was in the
order of 0.2 mV. With a set of such
readings available, a least square
curve fitting algorithm was used to
map the recorded V(t) to a typical
thickness value.

Vessel inspection and verification

The inspection vessel of 12" diameter,
was divided into 12 zones, which in
turn was sub-divided into smaller
grids. Each grid has the same
dimension as that of the sensor. The
calibrated system is switched on and
connected to a laptop. Sensor 2 is
placed on the reference plate. A GUI
receives the signal from ECT system
and displays the signal values from
sensor 1, 2 and their difference. The
zone is selected from a drop-down
menu and each grid is marked as a
button on the GUI. The analyst has to
select which zone and click on grid
number after placing sensor 1 over the
designated area of the vessel. This
operation automatically records the
voltage levels of sensor 1 & 2, and files
it for later analysis. During the entire
operation, the LCD on the ECT
system continues to display the
estimated vessel thickness in real
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EDDY CURRENT BASED VESSEL INSPECTION SYSTEM
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Fig. 6 A snapshot of the GUI during vessel inspection

JFmm

Vertical grid

2.5mm

Horizontal grid

Fig. 7. Heat map of vessel thickness generated post

time. A snapshot of the GUI is shown
in Fig.6.

As the analyst completes one zone, it
gets highlighted with a different
colour. After completing all the zones,
a 'generate report' function can be
used to analyses all the data collected
against the predetermined calibration
curve. The analysis software finally
creates a heat map of the vessel surface
(Fig.7) and a spreadsheet with
thickness estimates of each grid in
mm.

It takes approximately 1.5 to 2 hours
to inspect a vessel and generate its
thickness report.

Post inspection and analysis, the
vessel was subjected to spot
measurements with ultrasonic
thickness gauge for verification.

The difference was found to be less
than 30 microns. The same vessel was
inspected multiple times throughout
the year to establish repeatability of
the developed system.

Conclusion

The handheld ECT system is a fast and
convenient way to estimate thickness of
non-ferromagnetic conductive
materials. It has a specific advantage to
inspect the equipment in plants that are
difficult to access. The system will now
be calibrated to measure vessel
thickness of other materials, with an
inbuilt library to load calibration file of
the selected material. In future, this
system will be integrated with other
NDT sensors to develop a more
comprehensive hand-held inspection
tool.
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ST Te1 & fSieTenT 3uanT Gerae St & e
H g | 3H U Ayl 3udte) Reqs
Ufereae BiRfee At e wie & faewm
& 2 forgen fAator R & fran man @ 139
ugrd @ dgd I UAM W IdrgA f
ST | 36 LT T ST §33-¢33 Ut
YeH g IR R ST | 39eR fAm argae
gafeg v Tan & o fafemor e srar
(feTR gewe Safseerdie) w4 8 | g0
I AT T TR0 55 aTg Te &7eT
%! A H T g R T ] | 38 g o
e Ueh 317 3eTa & SR W o 7
2 St geifad § Cr-g Mo Z&ra & 8
Mo &t W g faenfua famar man @ ek
Nb &t Ta g1 faenfua fear man g | ggen
IeRA ¢ fafomor & &R A &0 @ |3
fogial @1 ured @d gq 5w swma &
ferenra g3t g @1feres fafereor &1 |
FHA1 § 3R 39 Fo U8 ugrd S gHe
WR G & ST A FH TG T |
3 99 Ugrdf & foeerg & fata IRoT e
(Fergm geaw Afe) % arg fata g
(Gorm R i) o W foman T 8 8
7 U9 derlenl @l AN @R ¥ U Ul
qfers it sefa St & fSwet qore aga
31t g | Cr-W Ta-C ol Hrelt Sue &t
TTE & e ST TR T &HaT I T8 3R
SFRYA 7 31T | 38 LT & fHT07 & g1t
TGP ARFET ST 3R Sl R ST |
Yerge ol & St & v fohd S arel
ugrdl # gERT IgTeXvT efgH ergeAe &
TR | el ST Herdl ¢ fSrge ua 2w
sehe Aige | TANT fohd ST arel ueref o
Teh 3 UGTY § T gHeh arde feean
I ¢ 3R fefeam 991 &1 &M 3 o1
ATTHT YR & Gl ¢ SHeR! 1T TTerehell
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g oS ¢ gER Ugid S afaw
SR 1g eitfem faferhe & qom o 5d
1Y T TN Sl & 37X BIe Tid SR
% ugrd &1 geich foRa ST T@r @ ek
g v Slatun. ¥ fefkem saed &
faufrrsnas g I @ fugiae &
affeaTEey &1 SR foRa s & 1 gl
JieaTged @l fAfId e & 915 T TR
fear St 8 1 38 St Idred & arg off
T yu% Li Mgded a9 Siar g |
fSrent fenTet o fORe @ vt fokar ST 9,
T foiq Qe o o1 forenre fran st <ar @
iR ehiferm @t eifaaw ergene @ faenren
ST |

TH 3T 37X S ugrd | ot faeprg Gera
F % foy fran AT g I 2-

Q. TATSHT 3@ 44 AT ik (Z) T
I URHATY] IS TG |

2. Eefim g A wRam |

3. GEHE- IefHfes wid, fAm
gfaear BRfes Acfeflcs € w@
.S . ©ie |

¥. fnform—ergeftan wg fAafaam—fes
ffaareres ugrdf & fae |

u, oe-fafEryiaes |

feRfie & &d o Fo 3grewun

dREe 3k fSreifAan <€ divge, g
TN gaeiHe o U9 Rueex & fafdw
T F Ruerex @t fRafdd & 3 forar Strar
2 9% Sl AT VAN MY

(Yo Yh) Stohe T A o forg of foam
ST g | WL . Sy g faeidd
TR Siohe aoT H goehl 3R el !
At gAaTH STAE |

3T IGTER0T UI-hid ol § S WIS ol
T ol & ST ¥ ST ST HehelT § | 32T
FA HI gT U A Ul Ui Adhe gt
aifee | e feafcr & arg ot e (@) &
G H g1 S AT § | 39 Hid F dgd
HEEYUT 0T B € ek STRoT geTeht W
&% gdl B fHa1 ST Geha1 € | 7 wiEh
UG e S | w1 $
IUHIOT S TABI & BT TG &1 fsqmT
% forg g e & fAmtor & fosar S geear
2l

AT Fott F fasTedt et & arfifaa
AR & H sFeme e diaififeat
% foerra & @1y ISt 9Ra fasy & ot
FHTHS 1WA o R e-

g. faifereta @maizs, afferm, Feme,
ST HAfagHTeres THAT Hex, fAgaumr
ufdags 3d |

3. e grenfies & forg FHidTe uee @
FIaTee & Ug e

3. STUASTR SR =g HeR & fare
¥. gEgioH T & ol 33 Fref o
fmfor

u, ferfereaT # TgeRT T9TeH & 9edhl R Ni
S goael Wi fae™ >100 3HEar
&. fomRor enaTfia S a9 & ford afaR

TRl ot farer

. YIS Xidereh ega

¢. Fohaeds g g afas

]. afRferm

go. de-fafEusfiaas

8 . T ST STeh{ (4 Tt o1 faehrd
33. TIRTUa—gRen H gfg, forafed ugrd
AT S Tl o 37T, SIS T1- 310

33. FI-ARIFE, FHia-ageie-faemd @
fAatoT

9¥. YO U4 TRIUER & fofq iS-Zeifaea
g Redear ferfie ygrf @ fmfor, o
JMFTEE U9 Tl Teahl & foid UGt
o

u.dfean & fafia gama &1 faema

L& fafaar—erge e ua FMafeam-fea
rferarere ygrert 1 fadra

R, UGl TR 374 o feq & glaareti &
g 37 ooft Suafert @ ura we |
1937, &g T TRATY] Sl (91T it 31T
THIST % Tgd TR JFTITeh! A ST AT
fead |

SMHR

39 AE@ Bl FIR A B eLpaad g @
Sl wifret © grT geanT foan man fSrae
fAu e e S g |
YafIq AEF UgS-Ael: o1, 5. &. 8,

(gkdey@barc.gov.in)
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IAEA Technical Meeting on Underground
Research Facility Network
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Shri Kailash Agarwal, Former Director, Nuclear Recycle Group, BARC, delivering inaugural address

he Global Centre for Nuclear

Energy Partnership

(GCNEP) and the Nuclear
Recycle Group of Bhabha Atomic
Research Centre jointly hosted the
last edition of IAEA Technical
Meeting on Underground Research
Facility Network held during May 21-
25, 2018, at GCNEP in Bahadurgarh
in Haryana.

The theme meeting titled 'Global
Progress in Geological Disposal
Solutions for Radioactive Waste' is a
part of regular technical consultations
on Deep Geological Repository
(DGR) and Underground Research
Facilities (URF) worldwide, under the
leadership of the IAEA.

A total of 13 foreign delegates
participated in the meeting coming
from Switzerland, South Africa,
China, Republic of Korea, Lithuania,

Germany, Czech Republic, France,
Canada, Ukraine, Japan and India.
Indian participation included
observers and experts from BARC
Mumbai, BARC Tarapur, IGCAR
Kalpakkam and GCNEP Haryana.

Dr. RK. Bajpai, Head, Repository
Engineering Section of Nuclear
Recycle Group, and Mr. Stefan Mayer,
Group Leader, Waste Technology
Section, IAEA, acted as conveners of
the technical meeting from India and
IAEA, Vienna, respectively.

The meeting covered the latest global
technological developments in
geological disposal projects for High
Level Long Lived radioactive waste.
The future strategic orientation of the
programme of work with a view to
identify specific activities and topics
to be addressed by the URF Network
in 2019 and beyond was also

presented in the 5-day meeting.

An exhibition comprising models,
posters and samples depicting main
components of Indian radioactive
waste management and disposal
programme was organised as part of
the meeting. The inaugural function
was followed by detailed
presentations on Deep Geological
Repository (DGR) & Underground
Research Facilities (URF) projects in
member states, IAEA presentations,
discussions of future program and
new documents.

The TAEA Scientific Secretary gave a
detailed presentation on the status of
two documents being prepared by
IAEA URF Network namely
Roadmap to Deep Geological
Repository (DGR) and Compendium
of URE. The member states proposed
that JAEA may initiate a programme
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International delegates visiting the Radioactive Waste Management and Disposal exhibition during the 5-day meeting

to develop a new document dealing
with site selection criteria on DGR
and URFE.

The TAEA also explored the
possibility of holding related training
programmes/fellowships in the
member states. Participation in URF
experiments in the member states

. .

through joint funding and data
sharing emerged as one of the possible
mechanism for providing access to
methodology and technology-under-
development.

The member states also proposed that
the agency may initiate few CRP's to
deal with Total System Performance

Assessment of DGR, Long term safety
assessment methodology for DGR,
Corrosion studies, radionuclide
migrations in DGR. IAEA assured to
explore the possibility in this regard.
The next meeting of URF Network
will take place in China's Beishan
URFin September 2019.
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