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Brief Communication

INDIGENOUS SWITCH-ROUTERS FOR DEPENDABLE
VIDEO SURVEILLANCE NETWORKS

Electronics and Instrumentation Group

Video-surveillance represents a security sensitive
application and usually consists of number of geo-
graphically distributed cameras (fixed and PTZ type)
connected to a farm of high performance servers
(for display, recording, storage) through computer
network. Currently all network devices are of foreign
origin leading to cyber security concerns in critical ap-
plications. Now, we have an indigenous solution for
dependable and secure surveillance network.

Carrier Ethernet based switch-routers designed by
[IT-Bombay are being manufactured under license
by EClLas ECR series products. E&I group of BARC is
involved in adding value to this path-breaking new
technology through enhancements and evaluation
studies so as to increase its penetration in security
sensitive and strategic applications. ECR routers with
their proprietary routing protocols are well-suited for
closed group communication where cyber-security
is a concern. This, along with low latency and low
power make them especially attractive option for in-
tegrating video-surveillance networks spanning 10°s
of Kms and thousands of cameras.

Currently,three models (Fig.1: ECR-100/1000/1010)
are available. Together, they provide both copper
and optical Ethernet ports and support 10/100/1000
Mbps speeds as well as 10Gbps Ethernet or OTN. A
light-weight Network Management System(NMS)

helps in configuration, operation, monitoring and
maintenance of the network. The network is “com-
pletely managed”- all communication parameters are
a-priori configured from NMS. Only the configured
nodes are allowed to communicate with other con-
figured nodes and the traffic is limited to the pro-
visioned bandwidth. This feature greatly enhances
security sinceaccessto network is restricted to config-
ured, authorized users/ devices.

Salient features of ECR based networks are given be-

low.

» Provides a high level of protection against DoS
(Denial of Service) attacks.

» Inherent topology security provides data-origin
authentication.

» Configuration change and download is author-
ized and authenticated before being accepted
and is maintained on power-on/off.

> Replay of control plane traffic for configuration
is protected through timeout of authentication
and session tokens

> Any fault in the network is detected and switcho-
ver to pre-defined redundant path occurs within
50msec and is annunciated on NMS.

E&I group of BARC has successfully integrated a pro-
totype Video Surveillancesystem around these ECR
switch-routers.Specific functions were added to the

Fig.1: ECR100, ECR1000 and ECR1010
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Fig.2: VMS screenshot of 3 cameras

devices to optimize their performance in a video- sur- ECR routers are well-suited for demanding video-
veillance application. These include Internet Group surveillance applications; itoffers an indigenous,
Management Protocol (IGMP)for dynamic join and dependable, secure and economical alternative for
leave for multicast group and provision to handle security sensitive installations while planning their
burst of traffic from cameras without incurring delays video-surveillance systems.

and freeze-frames.Fig.2 shows the screenshot of dis-

play workstation fornetwork with 3 cameras.
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New Approach for Control Rod Position Indication
System for Light Water
Power Reactor

Sushil Bahuguna, Sangeeta Dhage, Nawaj S., Salek C., S.K. Lahiri and P. P Marathe
Control Instrumentation Division
and
S. Mukhopadhyay

Seismology Division

and
YK. Taly
BARC Safety Council

Abstract :

Control rod position indication system is an important system in a nuclear power plant to monitor and display
control rod position in all regimes of reactor operation. A new approach to design a control rod position
indication system for sensing absolute position of control rod in Light Water Power Reactor has been undertaken.
The proposed system employs an inductive type, hybrid measurement strategy providing both analog position as
well as digital zone indication with built-in temperature compensation. The new design approach meets single
failure criterion through redundancy in design without sacrificing measurement resolution. It also provides
diversity in measurement technique by indirect position sensing based on analysis of drive coil current signature.
Prototype development and qualification at room temperature of the control rod position indication system
(CRPIS) has been demonstrated. The article presents the design philosophy of control rod position indication
system, the new measurement strategy for sensing absolute position of control rod, position estimation
algorithm for both direct and indirect sensing and a brief account associated processing electronics.

Introduction

Reactor power is controlled by maneuvering solid
absorber rods (called control rods) inside a reactor
core. True position of the control rod, measured from
the bottom of the core is required to be known for
reliable and safe operation of the reactor. Motion of Lift coil
the control rod is imparted by Control cum Shutoff (LC)
Rod Drive Mechanism (CSRDM). Latch type magnetic

jack mechanisms are used in most of the Light Water

Reactors (LWRs) across the world, as these mechanisms Moving coil
are inherently fail-safe. Moreover as there is minimal Moving gripper
on-load relative movement between the moving (MG)

parts, the wear is negligible which in turn guarantees Stationary coil
long service life. Fig. 1 shows the sectional view of a
typical CSRDM. Out of core (top and bottom limit),
zone and intermediate rod position information are
needed for plant control as well as for status-feed to Fig. 1: Sectional View of CSRDM
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the operator. In Light Water Power Reactors the rod is
moved typically in steps of 10-20 mm and total travel
is about 3500-4000 mm.

The kinematic parts of the control rods and the drive
mechanism in a Light Water Power Reactor are in
contact with high temperature PHT water. PHT water
temperature varies from 30°C to 330°C (from reactor
start up to full operational mode). Different linear
sensing technologies were studied to home in on a
rugged and reliable design for the position sensing
of the control rods that would work for this wide
range of temperature. Commonly used permanent
magnet and reed type position sensors do not work
reliably at high operating temperature. Similarly,
high temperature and radiation rule out the use of
semiconductor sensors. Moreover, both reed type
and semiconductor sensors are generally used as
switches. As a consequence, measurement resolution
with these sensors becomes limited by the number of
sensors used and their physical dimension [1].

An inductive type linear position sensor s
primarily preferred for CRPIS due to its simplicity
of construction, low cost and ruggedness. Wide
variation of temperature however, causes substantial
variation in resistance of the sensor coil. This variation
in resistance is compensated by winding the coil
with the wire having very low value of temperature
coefficient of resistance, so that the change in
the inductive sensor output with temperature is
negligible. The problem can also be circumvented
by designing a special circuit which would measure
the inductance and resistance independently but
simultaneously. Measured resistance variation due to
temperature can be used to provide a compensation
for the temperature dependent component of the
signal in the output of the sensor coil. A reference coil
is generally used for compensation whose inductance
is zero (Null coil) and resistance is same as that of the

sensor coil.

Inductive type sensors are in common use for control
rod position monitoring in nuclear power plants (NPP).
In [2] rod position measurement detector is made up
of a primary coil and a secondary coil covering the
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entire height of the grooved shaft guide housing.
The magnetic coupling between the primary and
secondary coil depends on how far the rod drive shaft
is inserted into the tubular coils. It provides analog
measurement of the position of the rod. The design
in [3] also uses similar kind of analog rod position
measurement detector comprising of a primary and
a secondary coil. The limitation of these designs is
that the rod drive shaft (grooved shaft) needs to be
magnetic over its full travel length.

Newer designs of position indication system have
subsequently employed digital measurements and
inductive type sensors are used as digital switches. In
[4] inductive type position sensing system is a digital
measurement system. The position sensor works
on the principle of a low frequency transformer.
This transformer has one primary and several
secondary coils. The core is made up of a sequence
of magnetic (magnetic shunt) and non magnetic
parts. Due to the magnetic core features, induced
voltage on secondary transformer coils is changed in
accordance with magnetic or non magnetic part of
the core. Combination of voltage level on secondary
coil windings gives the binary code of control rod
position with an accuracy of =1 step (20 mm)

A systematic approach was adopted for the
indigenous development of CRPIS with the objective
to reliably measure the absolute position of the
control rod. A new design of linear inductive sensor
has been proposed based on the results of the
proof of concept experiments and the study on
existing technologies. The design precludes the need
for temperature compensation by designing the
inductive sensor with three (primary, secondary and
tertiary) coils where primary is energized by a constant
current source. Secondary outputs are measured to
give position within zone and the tertiary coil output
gives zone information (explained later). Variation of
temperature does not affect the secondary output as
exciting magneto motive force remains constant due
to constant current primary excitation. A prototype
system was developed and demonstrated for full
4000mm travel of the control rod.




Overview of the proposed CRPIS design

A new hybrid measurement (analog and digital)
approach of design methodology has been adopted
for the development of the prototype CRPIS. It
provides ruggedness, reliability and redundancy in
measurement while retaining simplicity in the design.
In the proposed design sensor assembly is put outside
the pressure boundary of CSRDM and the grooved
shaft is also non magnetic. The CRPIS system has two
diverse methods of measurement A) Inductive sensor
based absolute rod position measurement and B)
Indirect position measurement based on the current
signature of CSRDM drive coil. Fig. 2 shows the overall
system block diagram. The system is composed of a
rod position sensor coils mounted on grooved shaft
guide housing, electronics for conditioning and
processing of the signal from sensor coils and drive
coils to indicate both the absolute rod position and
step movement count. The total coil stack housing
of 4000mm length is divided in 10 zones each of
0.4 meter length. In each individual zone, 4 coils
(each having three windings, primary, secondary and
tertiary) are stacked vertically. Each of these coils is
approximately 100 mm long. The tertiary windings of
all the four coils in a particular zone are connected in

intra zone singnals : NT . — l;‘]gﬁfkv

— | coil
zone current
indication signals

sensor coils

e

Test & Display signals

Fig. 2: System Block Diagram
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series to monitor zonal position of the rod. The tertiary
circuit acts as a switch and provides information
indicating if the rod is present in that zone. The
digital information is latched by the electronics. In
the triple-wound coil, primary coil is energized by a
constant current source and the induced voltage in
secondary and tertiary coils are measured to find the
continuously changing position of the control rod.
The system can be considered hybrid, providing both
analog position (by secondary) as well as digital zone
indication (by tertiary).The primary, secondary and
tertiary coil windings are isolated by providing proper
insulation layers between them. The overall scheme
provides galvanic isolation between excitation and
measurement circuits.

A) Inductive sensor based absolute rod position
measurement

The proposed inductive sensor based absolute rod
position measurement scheme has the merit of
inbuilt temperature compensation for the variation in
temperature in the reactor core. The actuator, also
called magnetic slug is a 100mm long piece, made
up of ferromagnetic stainless steel AlISI grade SS430
and is attached to the top of the control rod. Due to
movement of the control rod, the gripper rod moves
in turn moving the magnetic slug. In the presence
of magnetic core material, flux linkage increases
between the primary and secondary/ tertiary coils
which causes consequent increase in the secondary/
tertiary output voltages. The description of the
scheme, corresponding sensor arrangements and the
working principle, are explained in the following sub
sections.

Sensor coil unit and power supply

The arrangement of windings in sensor coil unit is
shown in Fig. 3. The sensor coil in the prototype system
is made of copper enameled wire and is designed
to work at 200°C. The acceptable manufacturing
tolerance in sensor parameters is = 3% of the desired
value to maintain the measurement accuracy. For
higher operating temperature (300 °C) the sensor
coil could be made of Nickel clad Copper (ceramic

SEPTEMBER-OCTOBER 2015 | 5
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NOTES:

1. Equal no. of turns in primary, secondary and tertiary windings.
2. Coil winding made of high temperature nickel coated coper wire of 36 SWG.
3. All the three winding orientation should be same and marked on the sensor coil.

(@)

(b)

Fig.3: (a) A sensor coil unit (b) 40 number of such sensors assemblies

Table 1: Sensor coil input and output

Sensor Coil primary circuit input Sensor Coil Secondary circuit output
Peak to Peak Current 14 m Amp Output voltage without slug 80 Vpp
Frequency 50Hz Output voltage with slug 102 Vpp
Voltage 200V Output variation obtained due | 22V,
to presence of slug
insulated) or mineral insulated wire. Four constant N2A dl
current sources are needed to excite four primary V=-u (T) a (1)

circuits. Primary and secondary coil circuit input and
output are shown in Table 1.

Working Principle

The position indication sensor works on the
principle of electromagnetic induction. Magnetic
flux produced by the primary coil current links with
both the secondary and tertiary coils and induces
electromotive force (EMF) in both. In the presence
of the magnetic slug, flux linkage is larger compared
to when it is absent. The change in the flux linkage
causes the change in coil inductance and also in
the induced voltages in the secondary and tertiary.
This change in voltage is used for detection of the
actuator. The voltage (EMF) induced in the secondary

due to linkage of flux from the primary is given by

6 | SEPTEMBER-OCTOBER 2015

where, N = Number of the turns in the coil, | =
Current in the coil in Amp, u = Permeability inside
the coil, A = Area of the coil in m2 and L = Length
of the coil in meter.

Once the coil design and primary excitation are
fixed all the parameters in the above equation are
constant except the permeability (u) of the core.
In the presence of magnetic slug inside the coil
the permeability increases and hence the voltages
induced in the secondary and tertiary coils increase.
However, as the magnetic slug enters and leaves a
coil the extent of magnetic coupling changes giving
rise to non-linearity in the measurement.
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Detection Scheme processing algorithm computes RMS voltage for

_ each output. RMS outputs of tertiary are compared
!n order to reduce the humber of wires anFi to with zone threshold for zone detection. To find the
increase redundancy, coils are connected in a
particular sequence. To understand the configuration

clearly, let us index coils in a zone as 1, 2, 3 and 4.

position of the rod within the zone, two threshold
levels are selected for the comparator with hysteresis.
Thresholds are decided based on the design
requirement, environmental conditions and change in
output voltage with and without magnetic actuator
(22V peak to peak). Position resolution of 50 mm has
been achieved with two levels of thresholding. Higher
resolution may be achieved with the increase in the
number of threshold levels. The algorithm calculates
the position based on the following formula.

Coils with the same index in all the 10 zones are
connected in series to form one circuit. So there are
4 primary and 4 secondary circuits. All four tertiary
winding in a particular zone are connected in series
as mentioned earlier. Thus there are ten tertiary
circuits. The outputs of all the 14 (4 secondary plus
10 tertiary) measurement circuits are acquired after
signal conditioning and are further processed in
a DSP based system. Sensor coil interconnections D=400(Z-1)+100(S-1)+50T (2)
only for two zones (Z1 and Z2) with four secondary

measurement circuits (S1, S2, S3 and S4) are shown where 's absolute position of control rod in mm

‘2" is zone number where control rod/ magnetic

in Fig.4. _ )
slug is detected (1 < Z < 10). ‘'S’ is the number
= for the secondary coil circuit where control
|z, | 22 | &t |82 5o | o0 | TERMINAL BLOCK
r ] rod is detected (1 < S < 4). Similarly T is
threshold number crossed by secondary
output (0 = T < 2).
T 3 T . The output from the two neighboring
L G Tas) . Laa Gnd Laad Gadd secondary coil circuits with two threshold
W’" ;;‘*M‘“MM levels (T1 & T2) is shown in Fig. 5. The curve
el B8 Rkl SURANE ke b T ke Vel shows that redundant position information
: = can be found for same location of the slug
1 {—»)
| o as it moves out of one sensor coil and
(™ c g
- (e enters the next. In case one coil circuit fails,
400rmm (TP}
— measurement resolution still remains the
Fig.4: Sensor coil interconnection only for two zones same (50 mm) as it is possible to detect

Each of the four primary circuits is excited by separate rod position from the output of the two neighboring

current source to avoid common mode failure. This

scheme also provides a good measure of redundancy 13 y y ' - y y y
in case of failure of single coil (circuit). When the M /\ /-\ /\ 1
residence circuit (where magnetic slug is present) fails, AR \ y
the neighboring coils provide the necessary position s ' S|l
. . . P § ool Secondary3 |
information without sacrificing the measurement 2 —==T]

. . . . - i
resolution. Information related to the faulty circuit 594
is displayed on the LCD/PC besides the position o'w \
information. "

0'50 5‘0 !EN'.‘ 'I.'I)D 260 2."!0 360 3;0 400

A DSP based signal processing unit acquires data of Distance (mm)

four secondary and ten tertiary circuits’ output. The Fig.5: Sensor coils output with movement of slug
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coils. Single sensor coil failure algorithm computes
the position based on the following formula.

D=400(Z-1)+100S+50(2-T) 3)

B) Indirect position measurement based on
current signature of CSRDM drive coils

In a CSRDM three electromagnetic coils namely
stationary gripper (SG), moving gripper (MG) and
lifting coil (LC) are mounted outside the pressure
boundary as shown in Fig 1. Stationary gripper holds
or releases the drive rod and supports the load of the
drive assembly. Movable gripper holds the drive rod
when it moves. Lifting coil lifts the drive rod held by
the movable gripper. These coils and armatures are
energized in a pre-programmed manner to raise and
lower the drive rod. Coils are energized based on
the commands from control rod drive system (CRDS).
However, position feedback is not available for the
step movement. The indirect position measurement
is a technique for sensing step movement based on

| _———Dnwe cail current signal

Amplitude

i L
1200 1400

03
§ 02}
2 own—%\-»—-w-}-w

1 i i i i H i i i i
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current signals analysis of SG, MG and LC coils of
CSRDM [5]. The coil currents have transients (notch)
as shown in Fig.6 due to butting of the armature
signifying physical movement of the control rod.
These notches indicate that the drive rod has actually
moved by a step.

1. Movable
grl‘rper holds the
ro

2. Lift coil
energized and lift
action takes place

Amplitude

3. Stationa
ngJ:per holds the
o

Time

Fig.6: Current coil signals of MG, LC and SG coils

Current signals are acquired continuously by the
data acquisition system of CRPIS. The direction of
movement is detected by analyzing the sequence of
excitation of the three coils. During the mechanical
latching operation of gripper, a notch is observed in
the current waveform of the gripper coil. The notch

0.15 ——rg———— ——7

Amplitude

Amplitude

i H i i i i
400 600 800 1000 1200 1400
No. of Samples

1600 1800 2000

o 200

Fig. 7: Drive coil current signal and its Wavelet Decomposition in six frequency bands (D1 - D6 and A6)
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is detected by running a wavelet based detection
algorithm. Discontinuities in the coil current signature
and the notch corresponding to drive rod movement
have different frequency characteristics. These two
patterns can be distinguished by their appearance in
different frequency bands in wavelet decomposition.
Thecurrentsignals of all the three coilsare decomposed
into six different frequency bands (scales) by using
discrete Biorthogonal filter banks. The drive coil
current signal, six levels decomposition (D1-D6) and
approximation (A6) at the coarsest scale are shown
in Fig.7. The notch due to control rod movement
appears in 5th detail coefficient (D5) scale whereas
other discontinuities due to coil current excitation
pattern are present in other detail coefficients too.
By finding maxima-minima on D5 and with suitable
thresholding, the notch is identified. Summation of
D4 (4th detail coefficient) and D5 coefficients could
also be used to identify notch in some cases where
D5 alone is not sufficient, as shown in Fig.8. The
step movement is assured by observing the correct
sequence of occurrence of notches and time spacing
between switching operations. The flow chart for
wavelet based notch detection algorithm is shown

BARC NEWSLETTER Feature Article

in Fig.9. Current profile data is processed in real
time and step counter is updated and displayed on
Graphical LCD. Wavelet analysis may further be useful
to detect aging of the mechanism parts.

Acquire coil current signal (SG, MG & LC coil)

Detection of UP or DOWN movement from the
profile of coil currents

¥

Wavelet Decomposition up to
six frequency band (Scale) for a
window of predefined samples
¥
Find maxima-minima on DS &

(D5+D4) signal and apply

thresholding to detect notch
!
Verify the sequence of notches
with movement detected
1
Update the step counter and
refresh it on Graphical LCD
[ ]
\ /
Sed

Fig.9: Wavelet based notch detection algorithm for
drive coil current signal
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Fig. 8: MG, LC and SG current signal and their D5 and D4+D5 decomposed signal with the detected notch
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Detection electronics of CRPIS

There are certain specific merits to replace traditional
analog instrumentation and control (I&C) systems in
nuclear plants with digital I1&C systems, i.e. systems
based on computers and microprocessors [6]. The
advantages of using FPGA in NPP are discussed in [7].
In some of the advanced Rod Position Instrumentation
(RPI), computer units are dedicated to the acquisition
and digital processing of the analog rod position
measurements. In the present work, both direct and
indirect position measurement schemes have been
implemented in DSP-FPGA based hardware enabling
signal processing in real time. The system consists
of five modules i.e. power supply module, constant
current source module, signal conditioning module,
data acquisition & processing module and output
module. The basic block diagram of electronics
is shown in Fig. 10. Redundancy in electronics is
achieved by using two data acquisition & processing
modules in hot standby. Both the units compute the
position of control rod independently and display the
position on LCD display. The Ethernet port is provided
to communicate the control rod position information
to control room. CRPIS system is designed for higher
availability by increasing testability and maintainability.
This is achieved by adding self monitoring feature in

220V AC/24V DC [y Power Supply (5V+12v)

4

Control Rod.
Data Acquisition & Paosition
Processing Module Display

Module

Fig.10: Block diagram of CRPIS hardware
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the system and adopting modular design with rack
mountable electronics. Technical specification of
developed CRPIS system is given in Table 2.

Functional Tests of CRPIS at room temperature

The proof of concept experiment was successfully
concluded first for one meter travel (test setup shown
in Fig. 11). The functional testing of full scale rod
position systems for 4000mm travel was taken up
next by augmenting an existing test mechanism. As
the grooved shaft moves, the attached magnetic
actuator also moves over the inductive sensor coil.
Voltage changes on secondary and tertiary coils were
sensed and processed in position sensing electronics
housed in the interface panel. In order to test the
resolution of position sensor command for fixed
number of step movement is given from the test
consol panel and corresponding movement in mm
is checked. This testing is repeated in steps of 50
mm for full travel of 4000mm. Functional testing
of sensing system based on wavelet analysis of
drive coils’ current signature is also conducted. The
increment/decrement by 1 step is checked for every
step movement of 10mm. During the functional
test, position of the control rod in different zones
and inside a zone is displayed. Healthiness of 14
measurement circuits is also displayed on the LCD/PC
panel. System redundancy test is performed in a zone
by simulating “single secondary/tertiary circuit failure”
condition. It is observed that measurement resolution
remains same (50 mm) as that in healthy condition
even when a coil circuit fails. System diversity and
repeatability tests have also been performed as per
the test plan and the prototype system cleared the
tests successfully.

Table 2: Technical Specification for control rod position indication system

Sr. No. Parameter Value
1 Full Scale Range(FSR) available (Range) 0-4000mm
2 Position Resolution 50mm
3 Position Accuracy +30mm
4 Measurement Time 20 m sec
6 Sensor Design temperature 0-200°C
7 Working ambient temperature for electronics -40- 55°C
8 Power supply 100V DC

10 | SEPTEMBER-OCTOBER 2015
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Fig. 11: Test setup for proof of concept for 1 meter and 4 meter travel

2.

Conclusion

A prototype position indication system for the
control rods of Light Water Power Reactor has been
developed. The design employs an inductive type,
hybrid measurement system with built-in temperature
compensation providing both analog position as
well as digital zone indication. Redundancy in the
sensing system is provided by specific arrangement of
sensor coils and switching to a new position sensing
algorithm on detection of a failure without deploying
additional set of sensors. Separate excitations for
all four primary circuits and hot standby processing
further in the
detection electronics. Measurement resolution of 50

electronics provide redundancy
mm is achieved that remains unchanged in case of
failure of one measurement coil circuit. It also provides
diversity in measurement technique by using indirect
position measurement of drive coil current signature.
Prototype development and

qualification of CRPIS has been demonstrated.

room temperature

Experimental evaluation of system performance in
the presence of external magnetic field and at higher
operating temperature will be taken up in next phase
of the project. Wavelet based analysis of drive coils’
current signature, to detect aging of the mechanism'’s
moving parts, is also under future scope of work.
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Design & Development of 3D Stereoscopic
Visualization System for Surgical Microscope

Pritam Prakash Shete, Dinesh Sarode and Surojit Kumar Bose
Computer Division

Abstract :

Human brain is the most vital organ, which makes neurosurgery as one of the most challenging surgery. Doctors

and practitioners undergo extensive neurosurgery training, before they can operate on live human being. The

3D stereoscopic visualization system is more effective during such training. In this article, we discuss design

and development of such system for surgical microscope. We describe system architecture, implementation
details and overall system competency. The developed system is deployed at Neurosurgery Skills Training Facility,
Department of Neurosurgery, AlIMS, New Delhi and is being explored as low cost alternative to commercial

systems for conducting neurosurgery skills training sessions.

Introduction

Human brain is the most vital organ, which makes
neurosurgery as one of the most challenging surgery.
Neurosurgeons undergo extensive neurosurgery skills
training and education, before they can operate onlive
human being. The surgical microscope does provide
a stereoscopic view to the surgeon performing the
surgery through the eyepieces, but it is ergonomically
stressful. Also, the assistants or new practitioners
watching the live surgery on the display only get a
two-dimensional view captured from the microscope.
The comfortable three-dimensional stereoscopic view
of the surgical field has become an absolute necessity.

Recently Computer Division, BARC has designed
and developed a stereoscopic visualization system
for surgical
Education and Training School (NETS), Department of

microscope [1] for Neurosurgery
Neurosurgery, AlIMS, New Delhi. They are engaged
in conducting skills training sessions, programs and
workshops to provide detailed hands-on skills training
to educate MCh, DNB and MD as well as certified
neurosurgery professionals from India and other
countries. The stereoscopic systems are functionally
very close to our human vision system and depth
information further improve the experience of new
practitioners as the familiar anatomical structures
are clearly depicted while undergoing training.
NETS is keen to use it to improve the clinical training

productivity. They proposed to develop it from ground
up as the commercial systems available are costly and
not flexible enough to customize and extend further
as per the scenarios.

In this article, we discuss system architecture and
challenges faced while developing the real-time
stereoscopic vision system for neurosurgery training.
See [1] and [2] for more implementation details.

System Architecture

In this section, we discuss system architecture of in-
house developed stereoscopic vision system called as
the Trimiti system. It consists of hardware components
such as stereo acquisition unit, workstation for stereo
image processing, 3D display devices and in-hose
developed software.

A. Stereo acquisition unit

The surgical microscope uses two separate optical
paths with two objectives and two eyepieces to
provide slightly different view to the left and right
eyes thus providing the stereoscopic view of the field.
The addition of the beam splitter in the two optical
paths of the microscope provides the way to acquire
the left and right images without disturbing the view
through the eyepieces. Thus the stereo acquisition
unit is realized by using the dual port beam splitter
and attaching the two IP cameras to the ports of the
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Fig. 1: Architecture of the Trimiti system for neurosurgery training

beam splitter through video adapters [Fig. 1].

Microscope video adaptors facilitate connecting
imaging sources to microscope beam splitter and
controlling the field of view of the image/video
capture. Universal parafocal zoom video adaptor is
employed to provide multiple magnification levels
with appropriate image focusing. Two video adaptors
are connected to two ports of the beam splitter. Each
video adaptor is a C-mount and compatible with 1/3"
size image sensor camera.

A network IP camera pair with 1/3” sensor size with
high definition (1280x720p) resolution is employed
for stereo image acquisition.

B. Workstation

The workstation having Intel Core i3 3.3Ghz CPU,
4GB RAM, 500GB hard disk and NVIDIA Quadro 600
professional grade graphics card with Windows 7 OS

PoE
(~100 m) | Stereo Camera
B e
i i Left IP Right IP
B Camera Camera i ! I
-— :

& €Y ol

Left ACCU-Beam
Video Adaptor

c Smm Ring 5mm Ring c

Right ACCU-Beam

I
s L Video Adaptor

Microscope

is used for running our in-house developed software.
The software implements capture & record, process
workflow and presents the stereoscopic content from
the microscope on the 3D display device.

C. 3D display devices

Tosimulate thedepth perception using the stereovision
requires delivering a unique, dedicated image to
each eye that represents two different perspectives
through the 3D display devices. The 3D display
devices are based on two technologies: active stereo,
which uses alternate frame sequencing with shutter
glasses to block light to one eye while the other is
showing its appropriate image, and passive stereo,
which uses different light polarization to present the
left and right view to a viewer who wears passive
polarized glasses. We have used NVIDIA 3D Vision
Pro technology consisting of 120Hz 3D monitor and
eye wear to realize active stereo and passive 3D-TV
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to implement passive stereo technology. Active stereo
provides better depth perception with full native
image resolution [2], where as passive stereo is more
comfortable for eyes.

Software Implementation

In this section, we provide software implementation
details of the Trimiti system. Real-time stereo image
acquisition from IP camera pair is achieved using
GStreamer multimedia framework. H-264 compressed
image stream with the real time streaming protocol
(RTSP) is utilized for real-time performance and
network bandwidth saving. The acquired stereo
images are then texture mapped, transformed
and converted to compatible stereo format of the
3D display devices using the OpenGL library. The
graphical user interface has been developed using Qt
framework.

The stereo acquisition unit described in the earlier
section has two separate cameras and two separate
adapters. Even though they are physically aligned,
it is difficult to ensure that the left and right image
streams are perfectly matched, leading to vertical,
zoom and rotation and temporal disparity error.

To present the comfortable stereo view having only
horizontal disparity, we have implemented the system
calibration process in software to take care of the
above mentioned disparity errors by calculating the
appropriate image transformations for the left and
right image streams. The transformations are then
applied to each and every image frame acquired.
The accurate calibration and transforming the high
resolution images in real time is absolutely critical for
providing the acceptable stereo output.

A. System calibration

Traditional camera and stereo calibration processes
[2] compute camera, lens and stereo parameters
using number of input images of calibration patterns.
As microscope is operated at multiple zoom levels,
traditional calibration methods cannot be used as
viewable volume of microscope is extremely small.
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A chessboard pattern with alternating 5mm size 70
squares is utilized for calibration. It is kept under the
microscope and 54 internal corners of the pattern are
detected. A single input image is utilized to compute
calibration parameters. Initially detected corners are
arranged in order and then first and last corners
forming diagonal are located. These two corners are
utilized to compute orientation, scale and horizontal
and vertical shift parameters.

B. Real-time stereo image remapping

Each and every pixel within left and right source
views needs to be transformed using calibration
parameters, which is computationally expensive and
it increases with image size [2]. We implemented it
by using the functionality provided by OpenGL.

Incoming input images are mapped within GPU
memory using OpenGL. Calibration parameters in
the form of OpenGL transformations [2] are applied
over these stereo images to generate left and right
transformed
of these stereo images are removed for better
stereoscopic perception. Finally these transformed
images are rendered using either OpenGL quad
buffering for active stereo or HDMI 1.4(a) frame
packing techniques for passive stereo output.

images. Non overlapping regions

Results

In this section, we discuss competency of our system.
The system supports the workflow consisting of
capturing, post processing and presenting the live
stereoscopic view from the microscope on multiple
3D display devices. It also supports the recording and
playback of the sessions. The simultaneous display
of active and passive stereo output is also possible
[Fig. 2]. The system also has features to fine tune the
disparity adjustments, adjusting the field of view and
orientation on the 3D display devices for comfortable
stereo.

A. Real-time stereo image remapping

OpenCV library utilizes instruction set extensions such
as SSE, SSE-2, and AVX for CPU optimization. OpenCV
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Fig. 2: The Trimiti system running active and passive stereoscopic vision using surgical microscope

based stereo image remapping is used to benchmark
our OpenGL based stereo image remapping module.
Our OpenGL module performs approximately 4 times
better than OpenCV module [2].

B. System latency

IP cameras introduce system latency [3] due to
image encoding-decoding, network delays and
rendering delays. The measured network latency of
synchronized left and right IP camera pair is 200ms
[2], which is just within acceptable limits of an

average human reaction time.
Conclusions

In this article, we have discussed design and
development of the real-time stereoscopic vision
system for neurosurgery training. It is cost effective
and comparable to the commercial systems available
for general purpose stereoscopic microscopy. The
support of active as well as passive stereo output
and ability to stream stereo output over the network
and in-hose software makes it highly flexible and
extensible.
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Abstract :

An experimental investigation was carried out initially to study the hydrodynamics of pulsed extraction column
with nozzle plates. The experiments were conducted in a 50 mm diameter glass column with 26 standard
nozzle plates having 23% free area. 30% TBP in Dodecane was used as continuous phase and 3 M Nitric acid
as dispersed phase with organic to aqueous flow rates in the ratio of 3:1. Flooding curve was generated by
varying pulsation conditions and throughputs. The experimental facility was then used to develop and validate
a model-based online amplitude measurement methodology.

Introduction

Pulsed columns are extensively used in spent nuclear
fuel reprocessing plants to separate, decontaminate
and purify uranium and plutonium [1, 2]. The
pulsed column used for solvent extraction is a vertical
column with one contact zone containing a number
of perforated horizontal plates, two enlarged ends for
phase disengagement, one pulse leg for pulsing, and
provisions for feeding and withdrawing aqueous and
organic streams (see Fig. 1). The plate perforations
are usually so small that substantial flows of aqueous
and organic phases due to density difference do not
occur. However, application of a periodic pulsation
can provide additional energy required to force the
liquids through the perforated plates and also to
break up the liquids into small droplets and thereby,
promoting high interfacial area and increased mass
transfer.

In the pulse column design, the height of the
contacting section is determined by the efficiency
of mass transfer and the diameter of the column is
determined by the flooding characteristics. Height
of the pulse columns used in a nuclear reprocessing

plant should be as small as possible in order to
reduce the cost of the hot cell. Equipment design
variables and operating variables together determine
the efficiency and throughput of the pulsed column.
The maximum throughput of the pulsed column is
governed by flooding, which may be caused by either
insufficient or excessive pulsing. Flooding is defined
as the condition at which the two phases cannot pass
counter-currently through the column resulting in at
least one of the phases leaving from the same end of
the column that it entered. This usually results in the
rejection of the dispersed phase and the formation
of a second interface at the opposite end from the
dispersed phase outlet. The flow through the column
is achieved from the energy provided by the pulsation.
This energy input can be expressed as the product
of the pulse amplitude ( a ) and the pulse frequency
( f ). This product ( a f) is used to correlate the
extent of flooding in the column [3]. The minimum
HTU (height of a transfer unit) values generally occur
in an area between 75 and 95% of the flooding
conditions [4]. Therefore, the flooding curve contains
basic information for selecting the most favourable
operating conditions for a given pulsed column.
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The experimental setup is shown in Fig. 2. A pilot
scale, glass pulsed extraction column with nozzle
plates was used for all the experiments undertaken.
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Fig. 2: Schematic of the experimental set up
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was approximately 23% of the total area. The phase
disengaging ends of the glass column are 600 mm
long and have an inside diameter of 150 mm.

The air pulsing system comprises of an air compressor,
a pressure regulating valve (PRV), a flow control
valve (FCV), an air reservoir with a capacity of 500
L, a 3-way poppet type pulsing valve with electronic
timer, a pulse leg and associated piping. The pulse
leg is 2.5 m long and has an inside diameter of 25
mm. The PRV is provided to set the line pressure
in the upstream side of the FCV, which regulates the
compressed air flow to the reservoir and thereby
maintains the tank pressure at a set value. The pulse
column is provided with two pressure transducers, P1
and P2, to measure the differential pressure across
the contact zone (see Fig. 2).

Asshownin Fig. 2, the experimental facility is equipped
with four stainless steel tanks (1000 L capacity
each) for storing the feed and product streams and
has provisions for pumping the organic (30% TBP
in Dodecane) and aqueous (3M Nitric acid) feed
streams to the pulsed column, and measuring their
flow rates (F1 and F2). The organic product stream
overflows from the column top disengaging end
to the organic product tank. The aqueous product
stream is withdrawn from the bottom disengaging
end using a metering pump which maintains the
bottom interface at the desired level.

Experimental procedure

The pulsed column was initially filled with 3M Nitric
acid using the aqueous feed pump. Air pulsing was
started under static column condition (without liquid
feeds) to evaluate the performance of the air pulsing
system. An initial static pulsing test was conducted
without flow control valve to assess the effectiveness
of pressure regulating valve (PRV) in regulating the
air pressure in the reservoir. Test results indicated
substantial fluctuations in the reservoir pressure
which in turn resulted in unsteady pulsing of the
A flow control valve (FCV) with
pressure feedback was introduced to regulate the

liquid column.

compressed air flow and thereby, maintain the air
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reservoir pressure at the set value. Reservoir pressure
transients with and without flow control valve are
compared in Fig. 3, which illustrates that introduction
of a flow control valve leads to better control on the
air reservoir pressure and thus, stable pulsing of the

column.

2.4 - . | —— with PRV & FCV
:ﬁg ——with PRV alone
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&
@ 20-
=
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- |
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Fig. 3: Compressed air reservoir pressure tranisents
with and without flow control valve

Dynamic pulsing experiments were carried out
subsequently using 30% TBP in Dodecane as
continuous phase and 3 M Nitric acid as dispersed
phase with organic to aqueous flow rates in the ratio
of 3:1. The pulsing frequency was maintained at
1 Hz in all experiments. The pulse amplitude was
measured by observing the maximum displacement
of liquid in the pulse leg with the help of a scale fixed
on it. The corresponding amplitude in the actual
column was calculated based on the difference in
cross sectional areas of the leg and the column. The
superficial velocities of organic (VC) and aqueous
(VD) in the column were calculated based on the
measured volumetric flow rates.

Flooding curve and flow regimes

Flooding curve for the glass pulsed column with
nozzle plates was generated by varying the pulse
amplitude for a given set of superficial velocities of
the liquid feed streams. An O/A ratio of 3 was used
in the present study. The pulse frequency was set at 1
Hz using an electronic timer and the pulse amplitude
was regulated by adjusting the reservoir air pressure.
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Flooding points corresponding to insufficient pulsing
and excessive pulsing were obtained for different
values of volumetric velocity (VC+VD). These points
are presented as flooding curve in Fig. 4. When the
volume velocity is 5 mm/s, flooding due to insufficient
pulsing occurs at a pulse velocity, a f = 2.5 mm/s and
flooding due to excessive pulsing occurs at a f = 55
Point 1 in Fig. 4 corresponds to VC+VD =
5mm/s and af = 15 mm/s. Fig. 5(1) presents the
flow regime corresponding to Point 1 which shows
that mixer-settler zone exists under this condition.
It was observed that emulsion zone prevails when
af = 25 mm/s. For example, Fig. 5(2) shows the
emulsion flow regime corresponding to Point 2,
for which VC+VD = 5 mm/s and a f = 30 mm/s

mm/s.
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L

Volume velocity (V+V,) [mm/s]
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o
1

Pulse velocity (af) fmmv's]

Fig. 4: Flooding curve for pulsed column with nozzle
plate (O/A = 3, f = 1 Hz)
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(see Fig. 4). Figs. 5(1) and 5(2) illustrate substantial
enhancement in the interfacial mass transfer area
at Point 2 compared to Point 1. Points 1 and 2
correspond to 27 % and 60 %, respectively, of the
flooding a f for VC+VD = 5 mm/s under excessive
pulsing condition.

Fig. 6 presents effect of pulse amplitude when
the volume velocity is VC+VD = 10 mm/s while
maintaining the pulse frequency at f = 1 Hz and
O/A=3. Panels (1), (2), (3) and (4) shown in Fig. 6
correspond, respectively, to Points 3, 4, 5 and 6 in
Fig. 4. Flow visualization studies conducted confirm
that mixer-settler flow regime exists when a f < 25
mm/s and emulsion zone prevails when a f = 25
mm/s. The experimental results establish that for a
pulsation frequency, f = 1 Hz, emulsion flow regime
occurs when the pulse amplitude, a = 25 mm. Thus,
the present study ascertains the importance of on-
line measurement of pulse amplitude to operate
the pulse column in the most efficient flow regime
(emulsion zone).

On-line amplitude measurement in glass

column

The present experimental facility was used further to
obtain a relation between the differential pressure
across the contact zone and pulse amplitude in the
column. Pulsing experiments were carried out using
single phase flow under dynamic conditions for this

(1) Mixer-settler zone (a =15 mm, f = 1 Hz)

(2) Emulsion zone (a =30 mm, f = 1 Hz)
Fig. 5: Different flow regimes for volume velocity 5 mm/s (O/A = 3)
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purpose. Two pressure transducers (Make: CEMEAS,
Model: U5156) were used to measure the differential
pressure across the contact zone of the column and
the data was recorded by a multi channel chartless
recorder (Make: EUROTHERM, Model: 6100A). Fig.
7 shows the experimentally obtained differential
pressure for pulsing amplitude of 1 inch in the 2 inch
diameter glass column. It is observed from Fig. 7 that
a low frequency component is superimposed over the
high pulsing frequency. Therefore, a time-averaged
differential pressure was obtained across the pulsed
column based on the area under the differential
pressure curve for the period corresponding to the
low frequency component.
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In order to establish the relation between the time-
averaged differential pressure and the pulse amplitude
in the column, different experiments were conducted
by varying the pulse amplitude from 0.5 inch to
1.5 inch in the 2 inch diameter glass pulse column.
The experimental results are presented in Fig. 8. It
shows that the pulse amplitude in the 2 inch diameter
glass column exceeds 1 inch when the time-averaged
differential pressure across the contact zone is
more than 2000 Pa.
differential pressure can be used for the near-
online calculation of the amplitude in the pulse
column based on the amplitude-differential pressure
relationship (see Fig. 8).

Thus, the time-averaged

(2) Mixer-settler zone (a =20 mm)

(3) Emulsion zone (a =30 mm)

(4) Emulsion zone (a = 40 mm)

Fig. 6: Effect of amplitude for volume velocity of 10 mm/s (f = 1 Hz, O/A=3:1)
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As it is difficult to generate the amplitude-differential
pressure relationship for an industrial pulsed column
experimentally, a model-based methodology was
developed for the on-line measurement of pulse
amplitude in the reprocessing plants. A mathematical
model for the air pulsing can be used to generate
the relation between the amplitude and differential
pressure in the pulsed column. Such a model
comprises of three sets of governing equations — first
set of equations for describing the air behaviour during
air supply to the pulse leg, second set for describing
the air behaviour during air exhaust from the pulse

leg and third set for describing the liquid behaviour

22500
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in the pulse leg and the column. Formulation and
solution of these governing equations are described
in [5, 6, 7] and not described here. Fig. 9 compares
the model predicted amplitude-differential pressure
relationship with that obtained experimentally. It
shows that the model predictions agree well with
the experiments and the maximum error is about
10% when compared with the experiments using a
2 inch diameter glass column. Fig. 9 also shows a
uniform under-prediction of the experimental results
by the model. This is on account of the fact that
the pressure transducers used in the experiments

could record only 8 measurements per cycle, thereby,
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Fig. 7: Differential pressure across the 2 inch glass column for 1 inch amplitude
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Fig. 8: Pulse amplitude as a function of time-averaged differential pressure
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resulted in a uniform under-prediction in the area-
averaged differential pressure. Since purge method
will be used for pressure measurement in the actual
plant, the temporal variation in the differential
pressure can be smooth and less noisy compared to
that obtained using a pressure transducer. This will
reduce the error between the measured values and
the model predictions. In case of industrial columns,
the mathematical model needs to be tuned based on
the static pulsing experiments during commissioning.
The tuned model can be used to generate a
calibration curve for calculating the pulse amplitude
in the column based on online measurement of the
differential pressure across the contact zone.

Conclusions

The present study establishes the importance of on-
line measurement of pulse amplitude to operate the
pulse column in the most efficient flow regime. The
experimental results shows that a pulse amplitude
of a = 25 mm is required to maintain emulsion
flow regime for a pulsation frequency of f = 1 Hz.
From the experimental data, it is ascertained that the
time-averaged differential pressure can be used for
the near-on-line calculation of the amplitude in the
pulse column based on the amplitude-differential
pressure relationship. This study also illustrates that
a mathematical model for the air pulsing can be used
to generate the relation between the amplitude and
differential pressure in the column. The mathematical
model can be tuned based on the static pulsing
The tuned
model can be used to generate a calibration curve for

experiments during commissioning.

calculating the pulse amplitude in the column based
on online measurement of the differential pressure in
the plant.
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Abstract :

Uranium plays a key role in nuclear power supply, demand of which is growing up with time because of its

prospective features. Persistent increase in different nuclear activities leads to increase generation of nuclear

wastewater containing uranium. Separation and recovery of the uranium from its unconventional source like

nuclear wastewater is worth to explore for addressing the reutilisation of the uranium source. It is also necessary

to improve remediation technology of nuclear industries for environmental protection. Development of a

suitable process methodology is essential for the purpose to supersede the conventional methodology. In the

article, recent developments in several possible methodologies for separation of uranium from dilute solution

have been discussed with their merits and demerits. Sorption technique as solid phase extraction methodology
has been chosen with suitable polymer matrix and functional moiety based on wastewater characteristics. Poly-
hydroxamic Acid, PHOA sorbent synthesized following eco-friendly procedure is a promising polymeric chelating

sorbents for remediation of nuclear wastewaters and recovery of uranium. Sorption and elution characteristics

of the PHOA have been evaluated and illustrated for separation and recovery of uranium from a sample nuclear
wastewater. For the remediation of nuclear wastewater SPE technique applying the PHOA, a polymeric sorbent

is found to be a potentially suitable methodology.

Introduction

Unhindered growth of a nation depends on energy
security which is the availability of natural resources
for energy consumption. There is an acute demand
for more and more reliable power supplies. Nuclear
power will be playing a key role in near future for
reliable power supply of India and about 25% nuclear
contribution in the power supply is the ambition for
year 2050 [1]. Uranium has been projected as the
main workhorse of future fuel and it gives large
amount of power using a small amount of fuel and
space. Due to limited reserve of natural uranium in
India it is required to explore various other resources
of uranium including secondary resources and
unconventional sources to meet the long term energy
sustainability of Indian nuclear programme [2]. It is
important and necessary to recognize the concern
over the environmental and health impacts in parallel

to ensure a long term supply of uranium to sustain
any country’s nuclear power program. As a result of
the developments that have taken place world wise
in the areas of uranium recovery from unconventional
sources or from its lean solution, the philosophy and
the concept of the processing of the plant effluent
have changed from the traditional methodology.
Thus, the uranium recovery technique or separation
methodology should be recognized as having a
bright future.

The amount of uranium in the environment has
exceeded due to activities of nuclear industry, mineral
extraction, uranium combustion, mining processesand
use of phosphate fertilizer that contains uranium. As
per the World Health Organization (WHO) standards,
the maximum acceptable concentration of U(VI) in
water is 50 mg L-1 [3]. Toxicity of uranium is closely
associated with its solubility. In regions of radioactive
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contamination of local soil and groundwater, the
chemical toxicity of uranium has aggravated health
concerns. Water and soil contamination with
uranium ions has become a global environmental
problem. Even at low concentrations, because of
their persistent and accumulative nature these are
toxic. Therefore, separation and recovery of uranium

are of great practical significance.
Uranium separation techniques

Toxic metals like uranium can be removed from
wastewaters, for the clean-up process, by a number
of separation technologies,
precipitation, membrane process, solvent extraction,
floatation, coagulation and sorption process. Despite
different techniques applied for the remediation of

such as chemical

uranium removal from wastewater, it is important
to mention that the selection of the most apposite
treatment techniques depends on the composition of
the wastewater, initial metal concentration, principal
investment and operational cost, plant tractability
and reliability and environmental impact. Chemical
precipitation is applicable for relatively concentrated
solution. Floatation process requires addition of
uranium specific surfactant or flocculent which is
rarely available. Chemical precipitation, coagulation
and floatation processes add contamination (organic
/ inorganic) to the wastewater and recovery of the
uranium is difficult. Solvent extraction is recognized
as a versatile for laboratory as well as for large
scale separation of uranium from different streams.
However, separation and recovery of uranium by
conventional solvent extraction has some short
coming with respect to third phase formation, crude
oil formation as well as solvent loss. Moreover, this
method cannot be used for effective separation and
recovery of metal ions from dilute solutions of alkaline
medium. Thus, the development of more efficient
techniques has lead to development of liquid-
membrane based separation which holds promise for
recovery of uranium ions from dilute resources and
has received a considerable attention in separation
science and technology. Liquid membrane processes
increasing application

are finding in  chemical

24 | SEPTEMBER-OCTOBER 2015

Feature Article
BARC NEWSLETTER

industry for achieving energy efficient (with respect
to conventional membrane process) and selective
separations from very dilute medium. In general
two types of liquid membranes - bulk / supported
liquid membrane (BLM / SLM) and emulsion liquid
membrane (ELM) have been reported widely are being
extensively studied, for their application in extraction
and concentration of dissolved metals from effluents
using various extractants. The problem of low flux
rate due to high diffusion resistances, inefficient
operation and exorbitant costs encountered in bulk
and supported liquid membranes (BLM/SLM) are
overcome in an ELM. In the ELM process, an emulsion
of organic membrane phase and aqueous inner phase
is dispersed in the continuous aqueous feed phase.
This gives a highly selective and ultra thin liquid film
generating a large mass transfer area for separation.
ELM technique has been tried by various workers
for recovery of uranium, plutonium and lanthanides
from dilute solutions using various carriers. But main
disadvantages are the leakage and swelling problems
and difficulties in de-emulsification step for which the
technology yet to be brought up to industrial scale
with full confidence. Hence, solid phase extraction for
separation and removal of uranium ions is the method
of choice due to its high separation efficiency, good
reproducibility of retention parameters, and simplicity
and is a popular method owing to its applicability to
both pre-concentration and separation [4].

Solid Phase Extraction (SPE)

SPE has additional advantages over other separation
techniques such as (i) reduced solvent usage (ii)
low disposal costs, (iii) short extraction times, (iv)
high efficiency, (v) ecologically-safe, (vi) elimination
of some of the glassware, (vii) reduced exposure of
analysts to organic solvents (viii) more reproducible
results (ix) remote operation etc. In recent years,
SPE is the most often used method in trace metal
analysis in environment for the separation and/or
pre-concentration purposes. Sorption process, a
SPE technique, is defined as a surface phenomenon;
sorption is the adhesion of a molecule onto the
sorbent surface. The sorption proceeds by complex




process affected by several mechanisms involving
adsorption by physical forces on surface and pores,
chemisorptions, ion  exchange,
chelation, and entrapment in capillaries. Due to high
affinity of the sorbent for the uranium(VI) ion species,
the latter is attracted and bound by the sorbent via

complexation,

these mechanisms.

A solid phase extractant, adsorbent /sorbent consists
of two parts: a matrix and functional components. An
inert host structure which allows diffusion of hydrated
ions i.e. a hydrophilic matrix is an essential part of
any sorbent. The selection of the matrix depends on
several important criteria of application like regular
and reproducible form of its structure, stability in
conditions of application medium, option on the type
of exchanger etc. The functional group represents the
ligand required for metal complexation. The most
common coordinating atoms present in the main or
side chain are N, O, P and S. It is possible to make
chelating sorbent that have a selective adsorption
capacity for specific metal ions by fixing the desired
ligand groups on the sorbent matrix. Commonly used
materials for the matrix can be broadly divided into
four groups: (i) Minerals and Inorganic oxides: clay,
diatomite, zeolite, alumina, silica, ceramic, tin oxide,
iron oxide etc. (i) Carbonaceous materials: activated
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carbon (AC), mesoporous carbon, carbon nano-tubes
(CNTs), graphite and its derivatives/ grapheme etc.
(iii) Biosorbent: Chitosan, yeast, alga, agro-waste etc.
and (iv) Polymers/copolymers: resins, hybrid materials/
composites, gels and related materials. For each type
of matrix have advantages and disadvantages based
on its application. Based on nuclear wastewater
characterisation, case specific suitable SPE matrix
material is chosen for uranium separation and
recovery from nuclear wastewater.

Promising chelating sorbent for uranium

extraction

Chelating agents are compounds containing donor
atoms (ligands) that can combine by coordinate
bonding with metal ion to form an organised
structure called as a chelate. Co-ordination
between metal — ligand is a Lewis acid — Lewis base
neutralization process. Complexing sorbents of new
types are developed deliberately; possessing a tailor
made structure that would bind the element with the
ligand. Ability of a ligand to complex with a target
metal ion is also a function of the solution pH and
the presence of competing anions. The removal of
desirable metal ions from wastewaters and process

effluent stream has led to the development of several

Table 1: Major sorbents reported for the uranium separation from dilute solutions

Chemical form

Suitability

Hydrous titanium oxide
before 90's)

(developed

Difficulty inlarge scale in submerged mode for seawater application.
Low kinetics and capacity.

Macrocylic hexacarboxylic acid

(developed before 90°s)

Difficulty in production of polymer-bound hexacarboxylic acid.

Amidoxime (developed before 1995)
Amidoxime + Methacrylic acid [5]

Most extensively studied, suitable for large scale production in the
form of fibres, resin, or grafted fibrous sheet, slow kinetics and
limited selectivity.

Have advantages of Amidoxime group and show better uranium
sorption kinetics. Hazardous synthesis process.

Calixarene-based uranophiles and others

Highly selective towards uranium, slow sorption kinetics, difficulty
in anchoring in polymer matrix, synthetic chemistry involved is not
suitable for large scale production. Very costly.

2,2'-dihydroxy azobenzene and related
chemical groups [6]

Involve synthetic chemistry, not evaluated for real application.

Poly(Hydroxamic Acid) Resin (developed
before 90's and recently [7]

Have all advantages of hydroxamic acid group for recovery heavy
metals including uranium along with iron. Cheaper, safe synthesis
process & easy to dispose.
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types of chelating sorbents. Few reportedly important
inorganic and potential sorbents for uranium recovery
from dilute solutions are mentioned in Table — 1. The
diffusion mobility of U(VI), either in [UO2(CO3)3]4-
form or U022+ form, in the sorbent would be
dependent on the physical as well as chemical
interactions (electrostatic and covalent) with the
ligand-sites in sorbent matrix. As de-complexation
of [UO2(CO3)3]4- can be catalyzed by H+-ions, the
presence of acidic monomer or co-monomer with
appropriate pKa value may enhance the sorption
kinetics of U(VI) in the sorbent from the wastewaters.
Considering these parameters, a new sorbent Poly
— hydroxamic Acid, PHOA has been evaluated for
uranium recovery from a nuclear wastewater.

Evaluation study:

Materials/chemicals  such as acrylamide, N,

N’ methylene bis acrylamide, hydroxyl amine
hydrochloride, methanol, acetone, sodium hydroxide,
HCl were procured from local market and were used
in the synthesis process without further purification.
Synthesis route of the sorbent has been chosen
carefully to follow safe and economic process. The
sorbent has been synthesised by a two-step method:

(a) by addition polymerisation of homogeneously

Fig. 1: Preparation scheme of PHOA
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mixed acrylamide with a cross-linking agentand in situ
gelling of the whole mass followed by precipitation
and (b) the crumbled, washed and dried gel was
converted into a macro-porous chelating agent
by treatment with hydroxylamine hydrochloride.
Photograph of the sorbent preparation scheme has
been shown in Fig.1.

Sorbent’s surface pores are opened up in the water
(swelling) because of hydrophilic nature of the sorbent,
as designed for the purpose. Suitability tests with
synthetic solution indicated that the sorbent can be
used for sorption process in alkaline medium and for
elution process in HCl medium. Equilibrium capacity
was found to be 1.1 mg/g of sorbent with distribution
coefficient 2500 ml/g of sorbent. Treated raffinate
filtrate of uranium processing plant, wastewater was
characterized and composition analysis shows that it
contents uranium 5—10 mg/L and Mg, Ca and nitrate
ions (all g/L level) along with low concentration of
Fe, Cu, Mn (<5 mg/L) and the wastewater is alkaline
in nature (pH>7). An Inductively Coupled Plasma
Emission Spectrophotometer (ICPAES), Jobinyvon
Emission, Model No. JY 328 was used to determine
uranium and other metal ions’ concentrations in
solutions. Batch experiments were carried out in

laboratory scale at room temperature (RT).
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Fig. 2: Uranium sorption onto PHOA sorbent

Appearance of virgin PHOA and PHOA loaded with
uranium from the wastewater along with envisaged
sorption process has been shown in Fig. 2. Uranium
sorption onto PHOA has been establish by energy-
dispersive X-ray spectroscopy (EDS) analysis as well
as Fourier transform infrared spectroscopy (FTIR)
analysis of the uranium sorbed PHOA which is
depicted in Fig. 3. The sorption reaction between
PHOA and U(VI) was investigated for its kinetics and
mechanism. As shown in Fig. 4, the process follows
the monolayer molecule sorption procedure. It also
reflects that chemical sorption may be the pathway

for the chelating reaction between U(VI) and PHOA.
The Boyd plot indicates that external mass transfer is
not the rate limiting step in the process and the rate
is controlled by both, intra-particle diffusion or metal-
ligands interaction.

The results of efficiency of different chemical agents
as eluents are shown in Fig. 5 which has been
articulated in the mechanism of sorption process in
Fig. 2. Inorganic acids are found to be more efficient
eluent than others. To avoid damages of sorbent
structure application of oxidising acids has been
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Fig. 3: Instrumental analysis of U(VI) loaded PHOA
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Fig. 4: Kinetics and mechanism of the sorption process
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Fig. 5: Elution of uranium from loaded PHOA sorbent
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Fig. 6: Uranium recovery methodology from
nuclear wastewater using PHOA
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avoided. Hence, HCl has been chosen as
effective eluent and more than 97% uranium
recovery is achieved within 3h time.

Fig. 6 describes the uranium
methodology from nuclear
using PHOA as solid phase extractant
with six times regeneration capacity. The
experimental studies are indicative of the
fact that Uranium recovery from wastewater
generated in
using novel sorbent, PHOA is viable and
technologically implementable.

recovery
wastewater

nuclear  establishment




Conclusion

Uranium although present in low level (<10 mg/L) in
nuclear wastewater, can be separated and recovered
by the developed SPE methodology, which is better
in choices. The process envisages deploying the
possibility of harnessing uranium from nuclear
wastewater. This also indicates that the methodology
is available well in hand to polish the wastewater
if required in future. As a matter of case study, a
wastewater of uranium processing plant has been
adopted for the evaluation of methodology which
has been successfully demonstrated for separation
and recovery of uranium.
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BARC Scientists Honoured

Dr Surinder Mohan Sharma, Director, Physics Group has been elected a Fellow of
the Indian National Science Academy, New Delhi. Dr Sharma has been a Fellow of
the Indian Academy of Sciences, Bangalore and the National Academy of Sciences,
Allahabad. Dr S M Sharma, through his sustained work on studying materials under
extreme environments, has established some unique phase transitions, particularly
high pressure amorphization. He has developed three synchrotron beam lines,

namely X-ray diffraction under extreme conditions, protein crystallography and IR
absorption in INDUS-II in RRCAT, Indore.

Dr Gautam Kumar Dey, Associate Director, Materials Group and Head, Materials
Science Division has been elected a Fellow of the Indian National Science Academy,
New Delhi. Dr G K Dey is a recipient of Indian Institute of Metals G D BIRLA GOLD
medal for the year 2011. He is a fellow of the Indian National Academy of Engineering.
Dr G K Dey’'s original work on zirconium based amorphous alloys has opened up
a host of all metallic amorphous alloys including bulk metallic glasses. His work

also encompasses engineering materials such as zirconium and nickel based alloys
) _ being extensively used in India’s nuclear programme. He is one of the best electron
microscopist of the country and has employed a variety of novel TEM techniques to
unfold complex microstructures.
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