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From the Editor’s Desk...

The Founder’s day Special Issue of the BARC
Newsletter published every year on Founder’s Day,
carries award winning work of our Scientists and
Engineers. DAE Awards 2012 received in 2013 and
Merit Awards for R&D work in 2013.

DAE Awards 2012 received in 2013 and Merit
Awards for R&D work in 2013 are being published
in this issue. This year a total of sixty papers have
been published. DAE Awards constitute 65% of
the total award papers spanning a wide range of
areas: from Chemical Sciences, Physical Sciences to
Computer Sciences, Bio Sciences and Engineering.
Some of the papers are purely research-based
whereas others are application-oriented.

Apart from DAE Awards, BARC Scientists and
Engineers received several awards for their R&D
work, which was presented at various national
and international fora (Merit Awardees). Some of
the R&D work received special awards instituted
by the sponsoring organizations. Some included
oral presentations and others were Poster
presentations.

This CD contains all the sixty papers which are
grouped under 1.DAE Awards and 2. Merit
Awards. Individual papers can be accessed from
the Contents as well as from the Author index by
clicking on the hyperlinks.

Ay hs s

Dr. K. Bhanumurthy
On behalf of the Editorial Committee
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DEVELOPMENT OF PROCESS SENSORS FOR NUCLEAR
REACTOR APPLICATIONS

P.R. Patil

Reactor Control Division

Shri P.R. Patil is the recipient of the DAE Homi Bhabha Science &
Technology Award for the year 2012

Abstract

The importance of process sensors in monitoring, control and protection of nuclear reactor plant is well established.
The process sensors for reactor applications are special in its category because of the challenges to perform reliably
in the environment of high pressure, high temperature, nuclear radiation and harsh environmental conditions.
Reactor Control Division has undertaken indigenous development program of highly customized process sensors
for compact Light Water Reactor to achieve self-reliance in this important field. Different types of process sensors
are successfully developed and qualified under this program. The salient features of various indigenously developed

process sensors are presented in this article.

Introduction

The sensors are used in process systems of nuclear
reactor plant for monitoring, plant control, protection
and actuation of safety systems. The reliable
functioning of the process sensors in all modes of
the plant is important for plant availability and safety.
Reactor Control Division (RCnD) of BARC has developed
customized sensors for process systems of compact
Light Water Reactor (LWR) project. Indigenously
developed sensors are highly customized and designed
to meet the specific application requirements,
high pressure, high temperature, nuclear radiation
endurance, stringent qualification requirements viz.
environmental qualification, shock and vibration
qualification, EMI/EMC qualification. These application
requirements could not be met by commercially
available sensors. As an application requirement of the
plant, the sensors used for measurement of process
parameters of reactor systems of LWR are designed
with the following important features.

Sensors designed to achieve zero leakage, welded
process connection for the sensors connected to
Reactor Coolant System (RCS) and high pressure
system of the plant. Provision of back up pressure
boundary in case of inadvertent failure of primary
pressure boundary of the sensor, to prevent
leakage of the coolant.

Sensors are designed with bi-block arrangement
wherein electronic converters are physically
separated from primary converters. This
arrangement enables primary converter to be
mounted inside the containment and the electronic
converter can be located outside the containment.
Thus during accident, only the primary converters
will encounter the accidental ambient conditions.
Sensors of the safety systems which are mounted
inside the containment are designed to withstand
ambient conditions which may exist during Loss of
Coolant Accident (LOCA).

Sensors are designed for high process pressure,
high temperature and high radiation.
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e Designed to meet the stringent environmental
qualification tests, EMI/EMC, shock and vibration
qualification tests.

= level sensors are designed with top mounting
due to layout constraints, accessibility and
maintenance considerations.

= Remote health-check facility provided in sensor
electronic converters which enables electronic
converter health check and ensuring connectivity
with the control system.

Process sensors developed for compact LWR

Multipoint Ultrasonic Level Sensor

Multipoint ultrasonic level sensor is designed to
measure the water level in pressurized vessel reliably
under varying process conditions, from atmospheric
pressure to 21 MPa pressure and temperature up to
200°C, under the presence of high gamma radiation.
As the vessel is embedded in the shielded cavity,
conventional differential pressure (DP) type level
measurement method for pressurized vessel cannot be
used. Hence top mounted multipoint ultrasonic level
sensor has been developed.

The sensor measures the level reliably during normal
operating conditions as well as under accident
conditions like LOCA which is associated with
varying process conditions and harsh environmental
conditions.

The level sensor works on the principle of change
in ultrasonic energy while passing through liquid
or gas, due to difference in acoustic impedance of
water and gas. The sensor consists of identical 23
pairs of piezoelectric crystals hermetically sealed in
stainless steel (SS) housing, which sense the water
level at 23 different elevations in the vessel covering a
measurement range of 0 — 2500 mm with measuring
accuracy of =5 mm at each sensing point.

Piezoelectric crystal material and its bonding to the
SS housing is very important for proper functioning

| Special Issue | October 2014

of the ultrasonic sensors particularly under varying
temperature conditions and high gamma radiation.
Technique for bonding of piezoelectric crystals to
SS housing has been developed. After bonding of
piezoelectric crystals in the sensor housing, sensors
are hermetically sealed by welding. Special welding
techniques are developed to avoid any damage to the
piezoelectric crystals and signal wires inside the sensor
housing during welding. The sensor is designed as
fully welded construction and provided with a special
flange suitable for welding to the mounting flange on
the process vessel to ensure leak free joint. The sensors
are tested for hydrotest pressure of 24 MPa.

The sensor is interfaced with electronic converter
with high frequency signal cable of length up to
30 metre. Electronic converter excites the transmitting
piezoelectric crystals, receives the signal generated by

Fig.1: Multipoint Ultrasonic Level Sensor
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Fig.2: Electronic Converter and Discrete Level Indicator for Multi-point
Ultrasonic Level Sensor

receiving crystals and generates analog output and
level indication in discrete level indicator. Fig.1 shows
Multipoint Ultrasonic Level Sensor and Fig.2 shows its
electronic converter and Discrete Level Indicator.

The salient features of multipoint ultrasonic level
sensor are as follows.

e Fully welded construction, welded process
connection to ensure zero leakage.

= The level indication is not affected by changes in
fluid properties due to change in process pressure
and temperature; hence gives true level indication
in all operation regimes of the plant including
accident situation like LOCA.

e There is no drift in level indication and the
sensor does not require periodic calibration or
adjustments.

= The signal cables from the sensor pass through
a specially designed high pressure cable seal
mounted in the sensor head assembly which
serves as a back up pressure boundary in case of
inadvertent rupture of immersed portion of the
level sensor.

LOCA qualified Absolute Pressure Sensor

Measurement of reactor coolant system pressure in
all modes of reactor operation including accident
conditions is important from safety consideration.
As a safety requirement, pressure sensors connected
to reactor coolant system are mounted inside the

containment and they must withstand the
normal ambient conditions and harsh ambient
conditions which exist during accident like
LOCA. The signals for these pressure sensors
are used for actuation of reactor safety systems.
The pressure sensor should function during
accident and maintain its functionality after
the accident to ensure the safety of the plant.
Considering these requirements, bi-block
type absolute pressure sensor with remotely
mounted electronics is developed, so that the
electronics can be kept out of accident zone and the
pressure sensor is located inside the containment.
Pressure sensor connected to remotely mounted
electronics through pressure-tight screened cable up
to 100 metre length.

Pressure sensor uses Bourdon tube as basic pressure
sensing element. The deflection at the free end
of the Bourdon tube due to the applied pressure is
converted to electrical signal by customized high
temperature Linear Variable Differential Transformer
(LvVDT). The pressure sensor is provided with back up
pressure boundary to contain the process fluid in case
of accidental rupture of Bourdon tube. The sensor is
designed as fully welded construction with welded
process connection to ensure zero leakage.

Absolute pressure sensors are developed for ranges, O
— 25 MPa and 0 — 10 MPa with measurement accuracy
of = 1.0 % of span at reference condition. The over
range pressure of the sensor is 150% of full scale. It
provides 4 — 20 mA output (4 wire configuration)
proportional to the measured pressure. The pressure
sensor is designed to operate under LOCA, accidental
ambient conditions of 180°C, 10 bar saturated
steam atmosphere and Total Integrated Dose (TID)
50 MRad of gamma. Steam chamber test has been
successfully carried out on the pressure sensor for
LOCA qualification and performance checking under
accidental (LOCA) environmental conditions. LOCA
qualified Absolute Pressure Sensor is shown in Fig.3.
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Fig.3: LOCA qualifed Absolute Pressure Sensor

Three Channel Ultrasonic Flowmeter

The measurement of feed water flow rate to steam
generators is important for plant safety and protection
and hence requires triplicated measurement of feed
water flow rate. Three channel ultrasonic flowmeter
is developed for measurement of feed water flow
rate to steam generators of nuclear reactor plant. The
flowmeter has three independent channels on a single
SS body. The ultrasonic flowmeter covers measurement
range of 2 to 60 m¥hr with measurement accuracy
of +1% full scale. The measurement range can be
extended up to 100 m?dhr. Design pressure and
temperature of the flowmeter is 10 MPa and 90°C
respectively.

The flowmeter works on principle of time of flight
method and makes use of multiple reflections of the
ultrasound to achieve high rangeability of around
30:1.

The performance of the flowmeter has been
successfully tested in the flow calibration facility at
IDEMI, Mumbai. Fig.4 shows Three Channel Ultrasonic
Flow Meter.

| Special Issue | October 2014

Fig.4: Three Channel Ultrasonic Flow Meter

The salient features of the three channel ultrasonic
level sensor are as follows.

e Each measuring channel of the flowmeter is
independent and provides four galvanically
isolated analog outputs proportional to volumetric
flow rate.

= Each measuring channel is provided with on-line
diagnostic facility, remote health check, channel
fault detection, zero calibration facility.

= Considering the compact layout and available
short upstream straight length, the flowmeter
is provided with specially designed in-built flow
straightener.

= Measurement not affected by change in sonic
velocity due to change in process temperature and
pressure.

Thermocouple Assembly for reactor coolant
temperature measurement

Measurement of reactor coolant inlet and outlet
temperature is important for reactor control and
protection. These measurements are challenging as
they have to be carried out inside the reactor pressure
vessel due to layout constraints. Response time of
these sensors is very important as reactor coolant
temperature signals are used for reactor control and
protection. To achieve fast response, thermocouple
assemblies are designed for direct contact with
the reactor coolant. Hence, they are designed for
pressure and temperature of reactor coolant system.
The body of the thermocouple assembly is made
of SS 321 and it has fully welded construction. The
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thermocouple assemblies are inserted into the reactor
vessel through the guide tubes from the nozzles
provided on the vessel and welded to the nozzles to
ensure zero leakage. Proper support arrangement has
been designed in the sensor assembly to reduce the
flow induced vibrations. Thermocouple assemblies
are designed to function under LOCA conditions. To
ensure integrity of the senor throughout its life, the
thermocouple assemblies are subjected to various
tests viz. Autoclave test, hydrostatic test at 40 MPa,
Insulation Resistance test at room temperature and
at high temperature (400°C), temperature cycle test,
helium leak test, radiographic examination. Fig.5
shows the thermocouple assemblies for reactor
coolant temperature measurement.

A=

¥ S
P

Mounting Flange

Sensing Element

Fig.6: Capacitace Type Flexible Level Sensor

The level sensors are provided with remotely mounted
electronics and support a cable length of 30
metre. It provides 4 — 20 mA output (4 wire
configuration) proportional to the measured
level.

Ultrasonic type Presence of Gas Detector

Fig.5: Thermocouple Assembly for reactor coolant temperature measurement

Capacitance type flexible level sensor

The capacitance level sensor is meant for continuous
measurement of water level in the tanks of the process
systems of the plant. The principle of the operation is
based on the considerable difference in the dielectric
constants of water and gas. Hence, the capacitance
of the level sensor changes linearly with the change in
water level of tank.

The capacitance level sensors are designed for
pressure of 7 MPa and temperature up to 200 °C with
measuring range of 0 — 900mm to 0 — 2000mm with
accuracy of +£1.5% of span.

The level sensor is designed as flexible element
to allow removal and installation of the sensor
in the tanks with limited head room. The sensor
has minimum bending radius of 600 mm.
Capacitance Type Flexible Level Sensor is shown
in Fig. 6.

Ultrasonic type presence of gas detector is developed
to detect presence of gas in the top cavity of canned
motor pump. In the canned motor pump, the pumped
primary water is used for lubricating the bearings of the
motor. If the lubricating water is absent in the top cavity
of the pump, the pump operation should be stopped
to avoid damage to the bearings. The sensor works on
the principle of change in ultrasonic energy while passing
through liquid or gas, due to difference in acoustic
impedance of the water and air. The sensor is designed
for 21 MPa pressure and temperature up to 200°C.
It has fully welded construction and welded process
connection. A specially designed high pressure cable seal
provided in the sensor head assembly which serves as a
back up pressure boundary in case of inadvertent rupture

Fig.7:Ultrasonic type Presence of Gas Detector
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in immersed portion of the level sensor. Ultrasonic type the water temperature with in built Resistance
presence of gas detector is shown in Fig.7. Temperature Detector (RTD).

Salinity sensors are developed
to cover  the salinity
measurement range of 0.4 —
4 mgl/litre, 1 — 10 mgl/litre, 4
— 40 mg/litre, 10 — 100 mg/
litre and 40 — 400 mgl/litre.
The sensors are designed for
process pressure of 10 MPa
and temperature  100°C.
The remotely mounted

Fig.8: Single point Ultrasonic Level Singnalizers electronics connected to the
salinity sensor with a cable of

2.7 Single Point Ultrasonic Level Signalizers maximum 50 metre long. It provides analog output
proportional to salinity of water and relay output on

The single point ultrasonic level signalizers are used to specified high salinity limit. Fig. 9 shows different

detect high and low water level in closed tanks. Four  types of salinity sensors.
types of single point ultrasonic
level signalizers have been
developed are shown in Fig.8.
These level sensors are designed
with SS body, pressure of 21
MPa and temperature up to
200 °C.

2.8 Salinity Sensors

Salinity sensors are used to Fjg.9: salinity Sensors
detect inadvertent ingress

of sea water into DM water systems of plant. 3. Qualification Requirements

Salinity is the concentration of dissolved salt in

a solution and is determined by measuring the The process sensors developed are subjected to the
conductivity of the solution by conductivity cell following qualification tests.

of known cell constant. The sensor continuously

measures conductivity at process temperature and = Environmental  qualification  tests  (High
converts to conductivity at reference temperature Temperature Test, Low Temperature Test, Moisture
of 25 °C by automatic temperature compensation. Resistance Test, High ambient pressure test, Low
From the conductivity at reference temperature, ambient pressure test, Water spray test, Salt spray
salinity of the water is determined. Automatic test)

temperature compensation is provided by sensing = EMI/EMC tests (as per MIL-STD 461C/E),
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= Shock qualification tests

= Vibration qualification tests,

= Radiation Endurance test

= Steam chamber test for checking the performance
of the sensor during LOCA conditions

Conclusion

Reactor Control Division has successfully developed
and qualified the process sensors for compact LWR,
thus gaining self-reliance in this vital field. These
sensors are indigenously developed to meet the
customized application requirements of nuclear
reactor plant, stringent environmental qualification
requirements, EMI/EMC, shock and vibration
qualification requirements. Technology for these
sensors, manufacturing processes and inter stage
testing methods have been developed. Testing and
qualification requirements for the sensors have been

formulated. Development of technology for these
sensors resulted in successful manufacturing of
variety of sensors for the project with participation
of indigenous industries. The technical know-how is
transferred to ECIL for manufacturing of these sensors
for future projects.
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Abstract

The chemistry occurring in earth atmosphere, particularly in the troposphere and stratosphere, is of great concern
to mankind. The most important pathway for the destruction of a chemical species in the troposphere is its
reaction with OH radicals. Thus, the rate coefficient of a chemical species with OH radicals mainly determines
its lifetime in troposphere. The chemical species having a longer lifetime enters the stratosphere and undergoes
UV-photon induced photochemical reactions. The halogen atom generated by UV-photodissociation of halogen-
containing chemical species takes part in the catalytic destruction of ozone, depleting the protective ozone layer.
In our laboratory, the bimolecular rate coefficients of fluoroalcohols with OH have been measured employing
laser photolysis- laser induced fluorescence technique, and estimated their tropospheric lifetimes. The formation
dynamics of halogen atoms on UV- photon induced dissociation of halothane has also been investigated using
indigenously developed Resonance Enhanced Multiphoton lonization- Time-of-flight mass spectrometer setup.

These studies provide information on fate and role of a chemical pollutant in atmosphere.

Introduction

Earth atmosphere can be divided into several layers
depending on the properties under the consideration.
With regard to temperature variation, the atmosphere
can be divided namely,
troposphere, stratosphere, mesosphere, thermosphere
and exosphere. We are mainly concerned about the
chemical reactions taking place in the troposphere and
stratosphere, as man-made activities can influence the
reaction taking place in these two layers. Moreover, the
troposphere is the home place of everyday weather,
and stratosphere consists of ozone layer, which absorbs
harmful UV-radiation. Many chemicals are released in
the troposphere due to anthropogenic and natural
activities. The fate of these chemicals is decided by the

into five major layers,

| Special Issue | October 2014

chemical/ physical process initiated by (1) solar photon
of wavelength > 300 nm, (2) oxidizing species such as
OH, O,, NO,, Cl etc., and (3) precipitation agents such
as water droplet, rain, cloud, dew etc. present in the
troposphere. Among all the above pollutant removal
processes, the degradation by the OH oxidant species
is the most important pathway. Hence, pollutant
tropospheric lifetime is related to the rate of the
above process. If this lifetime is short, few days, it
contributes only to the local effect, such as smog,
acid rain etc. However, if lifetime is long, it mainly
contributes to the global effect such as global warming,
and also diffuses into the stratosphere and takes part
in stratospheric reactions. The former effect depends
on pollutant’s radiative forcing efficiency, which is
related to absorption cross section in far-IR region,

/X

Home
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apart from its tropospheric lifetime. In stratospheric
chemistry, the influence of chlorofluorocarbon (CFC)
is well known. CFC being tropospherically stable and
thus having long lifetime, enters the stratosphere,
where on UV photon induced dissociation leads to
the formation of Cl atom, a species which acts as a
catalyst in ozone destruction reaction. Since 1970,
about 4% per decade decline in stratospheric ozone
was observed and much higher in Antarctic region
during springtime [1].

The tropospheric global warming and
depletion in stratosphere have generated a lot
of interest in atmospheric chemistry, and many
research activities were initiated to assess the
impact of industrially employed chemicals
and new synthesized chemicals of potential
applications,
fire extinguishers, on the tropospheric and
stratospheric  chemistry.
Photochemistry Division, BARC, has developed
Laser Photolysis — Laser Induced Fluorescence

ozone

MOVABLE

INJECTOR \

especially as refrigerants and

Radiation and

CHROMEL/ALUMEL
THERMOCOUPLE \

COOLING/HEATING
FLUID OUT__

applications such as cleaning of electronic components,
refrigeration, and as carrier compounds for lubricants
[2]. Due to the presence of both abstractable
hydrogen atoms and OH group, the chemical
reactivity of HFAs is likely to be higher than the present
alternative of CFC, i.e., hydrofluorocarbons (HFCs).
The major pathway of HFAs removal in troposphere
is expected to be by reaction with the OH radical. We
have measured the rate coefficients of fluoroalcohols
(CF,CH,OH, CF,CF,CF,CH,OH and CHF,CF,CH,OH)
with the OH radical, using indigenously developed
LP-LIF experimental setup [3-5]. A schematic of the
same is shown in Fig. 1. Hydrogen peroxide, which
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PRE-MIXING
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\
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(LP-LIF) for measurement of rate coefficients
of chemical species with the OH radical, and
Resonance Enhanced Multiphoton lonization-
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COOLING/HEATING
FLUID IN

DELAY/TRIGGER

. . MANOMETER g
Time-of-flight mass spectrometer (REMPI- BANDPASS_/
TOF-MS) for understanding halogen atom  FETER PMT AD
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.. . INTEGRATOR
of halogen containing molecules. The article ) PERSONAE COMPULER

covers the kinetic measurement of the OH

Fig. 1. : Schematic of LP-LIF setup employed for kinetic studies.

radical reaction with fluoroalcohols (CF,CH,OH,
CF,CF,CF,CH,OH and CHF_CF,CH,OH) employing LP-LIF
setup, and Cl and Br atom formation dynamics on 235
nm excitation of halothane employing REMPI-TOF-MS.
Tropospheric Impact: Tropospheric lifetime
of fluoroalcohols with respect to OH radical
reaction

Experimental setup

Partially fluorinated alcohols (HFAs) have been
considered as new generation alternative of CFC for

gives exclusively OH radical on 248 nm (KrF excimer
laser) photolysis, was used as precursor for the OH
radical. A Nd:YAG pumped frequency-doubled dye
laser, tuned to —~308 nm, was employed as a probe
laser to excite the P, (2) line in the (0,0) band of the (A%Y))
~ (X2n) transition. The reaction chamber is a double-
walled Pyrex glass cell, fitted with MgF, windows at
the Brewster angle, and experiments were carried out
under flow condition. The pump and the probe laser
beams, intersect at right angle at the center of the
reaction cell. The reaction cell temperature was varied
and maintained by circulating water through the outer
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jacket from a thermostatic bath. Temperature at the
intersection zone of the pump and the probe laser
beams was measured by introducing a Chromel-Alumel
thermocouple from the top. A capacitance manometer
was used to measure the total pressure in the reaction
cell, and the partial pressures of the individual
gases were estimated based on their flow rates. The
fluorescence of OH from the intersection volume was
collected by a lens (diameter = 38 mm, focal length
= 50 mm), and detected by a photomultiplier tube
(PMT; Hamamatsu, model R928P), kept orthogonal to
both the laser beams, after passing through a band
pass filter. The reaction is initiated by generating OH
by photolysis of its precursor H,0, by pump laser, in a
flowing mixture of reactant, precursor and buffer gas.
The time t=0 is the time at which the pump laser is
fired. The temporal profile of the OH concentration
was obtained by varying the delay between the pump
and the probe laser pulses and measuring the LIF
signal, which is integrated by a boxcar and averaged
for 30 laser pulses, at each delay time. The signal is
fed into an interface for A/D conversion. Both the
pump and the probe laser intensities were monitored
by photodiodes, and the average values of 30 laser
pulses were used to normalize the averaged LIF signal
intensity at each delay time.

To obtain OH decay profile at various concentrations
of fluoroalcohols, the flow rates of fluoroalcohols-He
mixture and pure helium were adjusted at different
ratios, keeping the total flow rate of these two
together constant. All the kinetic measurements were
carried out at nearly constant total pressure of ~55
Torr. The flow velocity of the experimental mixture
was kept to — 10 cm/s, to make sure that a fresh
gaseous reaction mixture was seen by each pulse of
the photolysis laser operating at 20 Hz. The number
density of H,O, molecule in the reaction cell was
maintained to around 1 > 10 molecules cm™. At
this concentration of H,0,, the concentration of OH
generated is estimated to be in the range of 101°-10!
molecules cm~3, using the laser fluence employed
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for the experiments and absorption cross-section of
H,O, at 248 nm. The concentration of a fluoroalcohol
estimated on the basis of total pressure and flow rates
was cross-checked by measuring the FTIR spectrum of
the mixture, collected downstream of the reaction cell.

Results and Discussion

The intensity of the fluorescence signal is proportional
to the concentration of OH, and its variation with
time, i.e., the pump-probe delay time, gives the
concentration of OH as a function of reaction time. The
experiments are carried out under pseudo first order
condition, the concentration of fluoroalcohol >>
[OH]. Thus, at a given temperature and composition
of the reaction mixture, the OH fluorescence intensity
decay follows a first-order exponential relation,

5, =5, e (1)

Where, S and S, are the LIF intensities at time t = 0 and
t, respectively. The pseudo-first-order rate coefficient,
k’, is obtained from the linear least-square fit of the
plot of log(LIF intensity) vs. time, as shown in Fig. 2.
The rate coefficient, k’, is related to the bimolecular
rate coefficient, k Il, by the expression,

In (LIF intensity)

4t J

0.002 0.003 0.004

time /s

0.000 0.001 0.005

Fig. 2 : Typical profles of OH radical decay with time, at room
temperature, with increasing concentration of CHF,CF,CH,OH.
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Fig. 2: Typical profles of OH radical decay with time, at room
temperature, with increasing concentration of CHF ,CF,CH,OH.

k’ =k, [fluoroalcohol] + k , 2
where [fluoroalcohol] is the number density of
fluoroalcohol and k; is the sum of all first-order
rate coefficients of OH loss, except by reaction with
fluoroalcohol. The ratio [fluoroalcohol]/[OH] are
kept in the order of 10% to minimize the secondary
reactions. A typical plot of k' vs. [fluoroalcohol] at
different temperature is shown in Fig. 3. From the
plots the values of the bimolecular rate coefficient
k,(T) at that temperature T, and k;, were obtained.
The bimolecular rate coefficients were obtained at
various temperatures, and Arrhenius plot of the same
is constructed to calculate E /R and the A-factor.
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Fig. 3: Pseudo frst-order decay constants (k') with the
concentration of CHF,CF,CH,OH at different temperatures.

The kinetic parameters, k298 and E/R, for reaction of
the OH radical with primary fluoroalcohols, obtained
in our laboratories along with other reported work,
are tabulated in Table 1. From these kinetic data,
two conclusions can be drawn. (1) The reactivity of
fluoroalcohols increases with the increase in its number
of abstractable hydrogen atom in the fluorinated chain,
and is more pronounced for the hydrogen atom on the
terminal carbon atom. (2) The reactivity has negligible
dependence on the number of CF, units in the molecule.

Atmospheric implications

We have estimated the tropospheric lifetime of the studied
fluoroalcohols with respect to the OH radical reaction

Table 1: k298 and E /R for fuoroalcohols with —-CH,OH end group.

Molecule (cm3krzr?180)l(eigije‘ls'l) E/R MReetfr(le(:gn?:Zd
CF,CH,OH 1.03+0.10 760 + 170 LP-LIF (our work [5])
CF,HCH,OH 2.52 = 0.44 LP-RF [6]

4.57 +0.38 RR-FTIR [7]
CFH,CH,OH 16.3x0.9 33045 PLP-LIF [8]

139+ 0.5 RR [7]
CF, CF,CH,OH 1.0=0.1 900 70 LIF [9]
CHF,CF,CH,OH 1.67 =0.04 565 =+ 40 LP-LIF  [5]
CF,CF,CF,CH,OH 1.15+0.10 765 *+ 85 LP-LIF [5]
CF,CHFCF,CH,OH 1.30 = 0.08 880 % 40 LP-LIF [10]
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Table 2: Comparison of tropospheric lifetimes of fuoroalcohols with CFC and HFC.

Molecule Tropospheric lifetime GWP (Time Horizons)
T, Tootal 20 yr 100 yr 100 yr
CF,CH,OH 154 day 106 day
CF,CF,CF,CH,OH 142 day 137 day 90 25 8
CHF,CF,CH,OH 81 day 46 day
CFC-12 100 yr. 10340 10720 5230
HFC134 (CHF CHF,)) 9.6 yr. 3200 1090 337

12

at 272 K, which is taken as the average temperature of
the troposphere for chemical species lifetime estimation.
Apart from the reaction with the OH radical, the other
important pathway for removal of fluoroalcohols in
the troposphere is uptake in the cloud droplets and
subsequent rain out. The estimated tropospheric lifetimes
are tabulated in Table 2, along with the reported values.
The global warming potential at various time horizons
for CF,CF,CF,CH,OH and CFC-12 and HFC -134 are
also included in Table 2. It may be concluded that
fluoroalcohols are better candidates than CFC -12 and
HFC- 134, in terms of their global warming implication.

Stratospheric Impact: ClI and Br formation
dynamics on UV-photodissociation of halothane

Experimental

The indigenously developed resonance-enhanced
multiphoton ionization (REMPI) with time-of-
flight (TOF) mass spectrometer was employed
for investigating photodissociation dynamics of
halothane, by detecting the photoproducts, Br(4P

*P,,), Bre(4p 2P ), CI(3P *P,,) and CI*(3P 2P, ) atoms,
state-selectively. The photograph of the setup is shown
in Fig. 4, which is described in detail in our previous
publications [11, 12]. In brief, a pulsed supersonic
molecular beam was generated using a solenoid valve
nozzle and conical skimmer. A time-of-flight mass
spectrometer (TOF-MS), two-stage Wiley—McLaren
type [13], was mounted vertically, perpendicular to
the horizontal MB, with 18 mm dual microchannel
plates as a detector. The halothane molecules seeded
in helium were obtained by bubbling helium through
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Fig. 4 : Photograph of REMPI-TOF-MS setup

a sample maintained at room temperature, and the
molecular beam, formed after passing through nozzle-
skimmer arrangement, was intercepted by a laser
beam in the ionization region of the TOF assembly.
In this experiment, a single colour laser was used for
both photodissociation of the parent molecule and
ionization of the photoproducts, halogen atoms.
A Nd:YAG pumped dye laser was employed for
generating the requisite tunable laser beam in 586-
607 nm range. This fundamental dye laser output
after frequency-doubling followed by mixing with the
fundamental output of the Nd:YAG laser gives output
in the range 230-236 nm for 2+1 REMPI of Cl and
Br atoms. The laser line width was broadened (> 1.5
cm-1) for all the REMPI experiments by operating the
Nd:YAG laser without an injection seeder, and the dye
laser without a set of line width narrowing prisms in
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the laser cavity. The laser line width was always greater
than the Doppler profile of the recoiling halogen
atom fragments. The laser beam was passed through
a converging lens of 200 mm focal length, and the
distance between the lens and the interaction zone
was adjusted to obtain the best ratio of on- and off-
resonant signals.

Digital delay/pulse generator of 20 ps pulse resolution
was used as master for time synchronization of all
the instruments. The ion signal from MCP was fed to
a boxcar gate integrator and after averaging for 30
laser pulses, passed on to an interface (SRS 245) for
A/D conversion. A PC was used to control the scan
of the dye laser via an RS232 interface, and collect
data from SRS 245, through a GPIB interface, using a
control and data acquisition program. For obtaining
TOF spectrum, the MCP signal was fed to a 500
MHz digital oscilloscope (LeCroy 9350A), which was
interfaced to a Pentium PC. The contributions to the
signal from pump-oil related background and the
multiphotonic processes were removed by subtracting
the off-resonant signals from the on-resonant signals.

A double Fresnel rhomb was used for rotation of the
laser beam polarization entering the chamber. TOF
profiles were taken for three different experimental
configurations, vertical (laser polarization || detection
axis), horizontal (laser polarization L detection axis),
and magic angle (laser polarization at 54.78° to the
detection axis).

Analysis of the Experimental Data

Analysis of TOF profile

Photodissociation of halothane at ~234 nm generates
Br and Cl, in both the ground (°P,,) and the excited
(°P,,,) spin orbit states, which were detected using
(2+1)-REMPI and TOF mass spectrometer. The observed
TOF profiles of Br, Br*, Cl and CI* were analyzed, using
a forward convolution method, described in detail in
earlier publication [14], and the photofragment speed
distribution, P(v) and anisotropy parameter, b, were

obtained. The former is converted into the center-of-
mass translational energy distribution, P(Er) and the
average translational energy was calculated. A typical
photofragment center-of-mass translational energy
distribution P(Er) for Cl atom is shown in Fig. 5.

E ., (kcal/mol)

Fig. 5: Photofragment centre-of-mass translational energy
distribution of chlorine atom, the dashed lines indicate the speed
distributions for the fast and slow component.

Spin-orbit branching ratio

The ground X(*P,,,) and the spin-orbit excited X*(*P,,,)
atomic halogen photoproducts were scanned in the
region of their two photon transitions, and the ion
intensity due to a species X, S(X), is obtained. The ratio
of number density of X*, N(X*) and X, N(X) species
is related to the measured ion intensity ratio by an
expression,

N(X*) _
N(X)

SOX
S(X)

where k represents the relative ionization probability.
The quantum yield values of spin orbit excited halogen
atom, ®(Br*) and ®(Cl*), were calculated from the
number density ratios to be 0.23 = 0.05 and 0.22 +
0.02, respectively.

(3)

Discussion and Stratospheric Impact

The UV excitation of halothane at —234 nm leads to
the o*(C-Br) — n(Br) transition. The parent molecule
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low and high translational energy components are

undergoes the C-Br bond rupture on the excited
potential energy surface, which is repulsive along the
C-Br bond, and produces bromine atom in both the
ground Br(°P,,) and the spin-orbit excited Br*(2P1/2)
states, with the former accounting for 77% of the
total bromine yield. Both Br and Br* are produced with
anisotropic distributions, characterized by the recoil
anisotropy parameter b value of 0.620.2. This b value
is lower than the expected value of 2.0 for a parallel
transition. This indicates that some contribution
from the perpendicular transition and non-adiabatic
curve crossing may be responsible for lower b value.
We measured translational energy distributions
and estimated the fraction of the available energy
partitioned to the relative translation (f,) to be 0.17 for
both the Br and Br* channels, which is in reasonably
good agreement with the predicted value of 0.22 by a
soft impulsive model.

In addition to the C-Br bond rupture in halothane,
we also observed the unexpected C-Cl bond cleavage
channel on UV laser excitation, with b value of
0.3%0.1. Since only the C-Br bond is directly excited
at 234 nm, the formation of chlorine atom involving
the C-Cl bond rupture cannot be through the direct
excitation of halothane. Based on our excited state
calculations the C-Cl bond rupture is explained by
intramolecular electronic energy transfer involving an
avoided crossing of the ng*(C-Br) and the ng*(C-Cl)
diabatic potential energy surfaces near the excitation
energy of —~122 kcal/mol above the ground electronic
state. Thus, the C-Cl bond rupture results due to the
transition from the ng*(C-Br) to the no*(C-Cl) surface.
Like formation of the bromine atom, the chlorine atom
also has two pathways producing Cl and CI*, with
the former accounting for 78% of the total chlorine
yield. Although, the velocity distribution of bromine
atom has a single component, that of chlorine atom
has two components (shown in Fig. 5), implying two
different mechanisms of chlorine formation. The
relative translational energies for the fast (high energy)
and slow (low energy) Cl channels are 17.54+2.0 and
7.5%x1.0 kcal/mol, respectively. The fractions of the
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determined to be 75% and 25%, respectively, for
the ClI channel. Similarly, the average translational
energies for the fast and slow CI* channels are
21.0%+2.0 and 9.5%1.0 kcal/mol, respectively. For the
CI* channel as well, the slow component contributes
predominantly to the total yield, accounting for about
95%. The minor fast Cl atom channel originates
from the impulsive C-Cl bond rupture. Hence, the
experimental fT values agree well with the predicted
value by the soft impulsive model. The slow chlorine
atoms are most likely generated from the vibrationally
excited ground electronic state of halothane after fast
internal conversion from the lower adiabatic state.
The measured fT values of the slow chlorine atoms
are somewhat greater than the statistical values.
The b values of chlorine atom channels are reduced
to 0.3%0.1 from that of the bromine atom channels
(0.6%0.2), due to the curve crossing. The branching
ratio of the low kinetic energy C-Cl bond scission to
the high energy C-Cl bond scission is 0.65/0.35.

The branching ratio of the C-Br bond scission to the
C-Cl bond scission channel in halothane on excitation
at 234 nm was estimated, using the relative ionization
probability of ClI to that of Br* as 1.24 + 0.30 [15],
and found to be —13.0/1.0. Thus, the C-Br bond
rupture is the major C-X bond dissociation channel
accounting for ~93% of the total X (Br and Cl) yields.
As per atom basis, bromine has global ozone depletion
potential 60 times higher than chlorine; hence impact
on stratosphere will be quite significant if any transfer
of halothane from troposphere to stratosphere takes
place.

Conclusion

The author is involved in indigenously development
of several state-of-the-art experimental facilities for
chemical physics research, and setups described in this
article are two of them. The facilities are employed
to deduce the microscopic aspects of chemical
reactions relevant to atmospheric chemistry. The
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facilities developed have potential applications in
environmental studies, ultrasensitive remote analytical
techniques for nuclear waste, explosive detection, etc.
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range attraction and long-range repulsion. We
showed that LLPT arises because of enhancement
of non-DLVO short-range attraction without any
conformational structural change of the protein. This
attractive interaction is believed to be arising from
entropy driven dehydration induced by the hydrated
salt ions. The salt concentration required for LLPT as
well as corresponding short-range attraction decrease
significantly with increase in protein concentration
(Fig. 1b).
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; (a)
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c ==
3 ]
W 0.14 O1wt% +1.6M NaCl
o 1 O 2wt + 1.0M NaCl
1 /A 5wt + 06M NaCl
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0.01 ) 0.1 0.3
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1.1 o 43 1.5
0 '
24
— 1 wid + 1.6M NaCl
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81 :
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Fig. 1: The correlation of (a) SANS data and (b) total potential
for different protein concentrations in presence of salt on
approaching LLPT.

Proteins function depends absolutely on its three-
dimensional folded structure. Proteins can undergo
unfolding/refolding transitions in presence of
denaturants such as urea, surfactant and pressure.
Protein unfolding process involves the disruption
of H-bonds, disulphide bonds, salt bridges and
hydrophobic interactions, leading to its successive

| Special Issue | October 2014

alteration of quaternary, tertiary, and secondary
structure [5]. We have used SANS to study protein
unfolding and refolding if any in protein bovine
serum albumin (BSA) due to perturbation in its
native structure as induced by different protein
denaturating agents [6]. BSA protein unfolds for urea
concentrations greater than 4 M and is observed to
be independent of protein concentration. The addition
of surfactant unfolds the protein by the formation of
micelle-like clusters of surfactants along the unfolded
polypeptide chains of the protein and depends on the
ratio of surfactant to protein concentration. We used
the dilution method to show the refolding of unfolded
protein in presence of urea and surfactant. BSA does
not show any protein unfolding up to the pressure of
450 MPa. The presence of urea and surfactant (for
concentrations prior to inducing their own unfolding)

20
14 1 wt% BSA
s $484¢
E 0.1 A
o A 3000 MPa N
o ® 1500 MPa “k
- ® 1MPa
0.01 li%a
0.005 .
0.01 0.1 0.2

Q(A™)

Fig. 2: SANS data (a) 1 wt% BSA and (b)1 wt% BSA + 4 M Urea
as a function of pressure
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has been used to examine pressure-induced unfolding
of the protein at lower pressure. The protein unfolds
at 200 MPa pressure in presence of urea, however
no unfolding is observed with surfactant (Fig. 2). The
protein unfolding is shown to be reversible in all these
denaturating methods.

Synthesis and Characterization of Nanoparticles

Recently an economical, environmentally benign and
fast synthesis methodology for gold nanoparticles
using block copolymer has been developed [7]. In
this synthesis, block copolymer plays the dual role
of reducing agent as well as stabilizing agent. The
formation of gold nanoparticles comprises three main
steps, reduction of AuCl,~ by the block copolymers in
the solution and formation of gold clusters, adsorption
of block copolymers on gold clusters and reduction
of AuCl, ions on the surfaces of these gold clusters
for the growth of gold particles in steps and finally
its stabilization by block copolymers. The control over
these three different steps decides the output of the
synthesis of gold nanoparticles. We have looked into
the role of different components and optimization of
concentrations to enhance the yield of the synthesis.
This method usually has a very limited yield which
does not simply increase with the increase in the
gold salt concentration. We showed that the yield

S Xwith P85 + 0.2 wit HAUCI,.3H,0 + 0.2 wi% Na,Ct
o 1.0wt% P85
< 0.1 wi% P85
— o 0.01wit% P85
T o 0.001 wit% P85
=L
S
G
©
e,
]
©O
0.14
0.051— .
0.01 0.1
-1
Q(A)

can be enhanced by increasing the block copolymer
concentration but is limited to the factor by which the
concentration is increased [8]. On the other hand, the
presence of an additional reductant (trisodium citrate)
in 1:1 molar ratio with gold salt enhances the yield
by manyfold (Fig. 3 a). In this case (with additional
reductant), the stable and high-yield nanoparticles
having size about 14 nm can be synthesized at very low
block copolymer concentrations. These nanoparticles
thus can be efficiently used for their application such
as for adsorption of proteins (Fig. 3 b).

Nanoparticle dispersions are known to show rich
phase behavior and find numerous applications. Many
of these phases can be explained by DLVO theory
governed by the competition of short-range van
der Waals attraction and a long-range electrostatic
repulsion among the particles [9]. However, there are
numerous cases where DLVO theory fails and non-
DLVO contributions (e.g. hydration and depletion
interactions etc.) are required to explain the system
behavior. The depletion force arises in a system
consisting of two significantly different sizes of
structures (e.g. nanoparticles, micelles, polymers) due
to the exclusion of a non-adsorbed smaller structure
from the gap region between larger structures.
The resulting concentration difference produces
an osmotic pressure imbalance between the gap

104
Paan) 1-4
|E =
L 0.1
G

RS,

K0.014

o 0.2% AuNP
° 1% BSA
1E-34 2 oz%AuNP+1%BsA

0.01 0.1
0 (A"

Fig. 3: SANS data of varying P85 concentration for 0.2 wt% HAuCI,.3H,0 with 0.2 wt% Na,Ct at 15 oC. SANS data of gold nanoparticles
and BSA and their conjugates. The gold nanoparticles in all these studies are prepared using 0.01 wt% P85 + 0.2 wt% HAuCI,.3H,0
+ 0.2 wt% Na,Ct system. The pH for BSA in all the samples is kept at 7.
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and bulk, resulting in a net attractive force. The
depletion interaction has been mostly considered as
short-range attraction and found applicable to the
systems which are sterically stabilized as hard sphere
potential as repulsive part. SANS has been carried
out to examine block copolymer induced depletion
interaction of charged silica nanoparticles in agueous
solution (Fig. 4a) [10].
performed on anionic Ludox silica nanoparticles in the
presence of 0.1 M NaCl and varying concentration of
polyethylene oxide-polypropylene oxide-polyethylene
oxide (PEO-PPO-PEO) P85 [(EO)26(PO)39(EO)26]

The measurements were

* 0.0 wt% P85
= 0.8 wi% P85
4 1.2 wit% P85S
v 1.6 wit% P85
¢ 2.0 wi% P85

100 -

dx/dQ (em’™)
5

1 4 10wt% LS30 +xwt% P85
0.003 0.01 0.1 0.2
QA"

—0.0 wt% P85
— 0.8 wt% P85
—1.2 wt% P85
—1.6 wt% P85
— 2.0 wt% P85

SASN

Potential

2 10 wt% LS30 + x wt% P85
1.0 1.5 ' 2.0

rlc

Fig. 4. SANS data of 10 wt% LS30 silica nanoparticles with
varying concentration of P85 block copolymer at 20 oC. Inset
highlights the variation in low Q data. (b) total interaction
potential for 10 wt% LS30 silica nanoparticles with varying
concentration of P85 block copolymer.
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block copolymer. The depletion interaction is found
to be long-range attraction whose magnitude and
range increase with block copolymer concentration
(Fig. 4 b). The depletion interaction is further enhanced
by tuning the self-assembly of block copolymer
through the variation of temperature. The increase of
depletion interaction ultimately leads to clustering of
nanoparticles and is confirmed by the presence of a
Bragg peak in the SANS data. The positioning of Bragg
peak suggests simple cubic type packing of particles
within the clusters. The scattering from the clusters in
the low Q region is governed by the Porod scattering
indicating clusters are quite large (order of micron).
The depletion interaction is also found to be strongly
dependent on the size of the nanopatrticles.
Interaction and Resultant Structure of
Nanoparticle and Protein Complexes

The nanoparticles, being small, can interact with
cellular machinery in biological applications. For
example, nanoparticle-protein systems are extensively
utilized in drug delivery, catalysis, biological imaging,
biosensors and bio fuel cell [11]. Silica nanoparticles
are one of the most commonly used model inorganic
nanoparticles, which are non-toxic and biocompatible.
The globular proteins (e.g. BSA and lysozyme) are
known to be highly stable and easily soluble in
water. We have examined the differences in the
interaction and structural evolution of colloidal silica
nanoparticles for their interaction over a wide range
of concentration of lysozyme and BSA proteins at
physiological conditions [12]. It is found that despite
of having different nature (opposite charge) both the
proteins can render to the same kind of aggregation
of silica nanoparticles. However, the concentration
regions over which the aggregation is observed are
widely different for the two proteins. The lysozyme
with very small amount (e.g. 0.01 wt. %) leads to the
aggregation of silica nanopatrticles. On the other hand,
silica nanoparticles coexist with BSA as independent
entities at low protein concentrations and turn to
aggregates at high protein concentrations (> 1 wt.
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%). In the case of lysozyme, the charge neutralization
by protein on the nanoparticles gives rise to the
protein-mediated aggregation of nanoparticles. The
nanoparticle aggregates coexist with unaggregated
nanoparticles at low protein concentrations whereas
with free protein at higher protein concentrations. For
BSA, the non-adsorbing nature of protein produces
the depletion force that causes the aggregation of
nanoparticles at higher protein concentrations. The
nanoparticle aggregation is found to be governed
by the short-range attraction for lysozyme and long-
range attraction for BSA (Fig. 5). The aggregates are
characterized by diffusion limited aggregate type of
mass fractal morphology.

10
(a)

1 wt. % Silica + 0.1 wt. % Lysozyme

54
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[11]
x
>
51
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Fig. 5. The calculated interaction potentials from SANS data
responsible for aggregation of silica nanoparticles in presence
of (a) lysozyme and (b) BSA proteins.

SANS has also been used to study resultant structures
formed from lysozyme protein adsorption on different
sized silica nanoparticles [13]. The studies were carried
out on the nanoparticle systems having sizes much
larger than the protein size. The protein adsorption
on nanoparticle shows an exponential behavior with
adsorption coefficient and saturation values increasing
with the size of the nanoparticle. The adsorption of
protein leads to the aggregation of nanoparticles
which are characterized by the fractal structure. The
nanoparticle aggregates coexist with un-aggregated
particles at low protein concentrations whereas at
high protein concentrations the excess free proteins
are found with the nanoparticle aggregates. It is also
found that the native protein structure is disturbed on
their adsorption on nanoparticles.

Insummary, SANS is an ideal technique for investigating
the phase behavior of bio- and nanomaterials. We
have extensively used this technique in protein and
nanoparticle solutions as well as their complexes.
Our results show that the phase behavior in these
systems is governed by the delicate interplay of short-
range/long-range repulsive and attractive interactions
followed by formation of structures from nano to
micron length scales.
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Projectile stability

Projectile with 2 mm thickness resulted with heavy
deformation and fracture. This has been analyzed with
our composite 2D-MHD axisymmetric RZ code and XY-
Plane geometry codes in sequence. Firstly axisymmetric
RZ code has been used to record the time and space
varying electromagnetic forces on the projectile.
Subsequently this was feed to 2D-XY Plane geometry
code to evolve the projectile radial deformation. Since
this mode includes fracture phenomena, the dynamical
radial inward deformation of the projectile is obtained
along with the evolution of damage parameter to
define the projectile integrity. This could be one
of the causes projectile failure upon radial pinch. A
comparison of projectile shape is presented in Fig. 3.

105 0 510

Fig. 3: LHS shows experimentally observed projectile shapes.
RHS shows 2D simulations showing the radial pinch along with
an indication of fracture in red marks.

-10-5 0 5 10

Conclusions

A two-dimensional (2-D) hydrocode has been
developed in-house and has been extensively used
for simulation of coilgun electromagnetic system
involving electromagnetic coupling between coil and

projectile. The code includes elastic-plastic temporal
deformation of the coil and the projectile. The code
has been validated with in-house experiments.
Stability of the coil and projectile was examined using
our computational tool. Projectile design for CAD’s
coilgun experimental system has been optimized.
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