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ABSTRACT

Electricity capacity growth rate in the country during 2000-01 was lower than in the
previous year and the installed capacity reached 101.2 GWe as on 31.3.2001. The nuclear
electric capacity growth rate was substantially higher than last year and the capacity
reached 2.77GWe.

FBTR was operated at various power levels upto 12.5 MWt with an availability factor
of 34%. A peak burnup of71,170MWd/t was achieved in the fuel.

The detailed design, R&D, manufacturing technology development and safety review
for 500 Mwe PFBR were continued. The design plant life was increased to 40 years.
Prototype steam generator, absorber rod drive mechanisms and inner vessel sector were
manufactured at Indian industries. Review of the PSAR by two level safety committees
continued. The environmental clearance of the plant by State Pollution Control Board and by
the Ministry of Environment and Forests was applied for and involves a Public Hearing.

R&D in reactor physics, engineering development, safety engineering, structural
mechanics, thermal-hydraulics, metallurgy, non-destructive evaluation, chemistry and
reprocessing were continued. Important works included flux measurements for PFBR radial
shield models using leakage neutrons from a thermal reactor, sodium pumps scale model
testing, testing of prototype drive mechanisms, FBTR irradiated fuel examination, PFBR
structural materials characterization and carbide fuel reprocessing.

1.0 INTRODUCTION

1.1 Economic Scenario

The GDP growth rate in 2000-01 is estimated as 6%. Due to increase in prices of
petroleum products the average inflation rate was high at about 7%. The Government's fiscal
position was under strain due to unanticipated expenditure on Kargil war, Orissa super
cyclone and Gujarat earthquake. Foreign exchange reserves amounted to over US $ 41 billion
at end January 2001, while the stock of external debt stood at about US $ 98 billion at end
September 2000. According to the latest world development indicators issued by the World
Bank, India is the world's fourth largest economy after USA, China and Japan in purchasing
power parity measured in American prices.



L2 Electric Energy Production

The power generation in 2000-01 recorded a growth of 4.1% over the previous year.
Thermal and nuclear generation grew by 5.7% and 28% respectively while hydro generation
decreased by 7.7%.

Total installed electric capacity in MWe at the end of March 2001 is as follows:

Thermal
Hydro
Nuclear
Wind

Total -

71906
25220

2770
1270

101166

Capacity addition in MWe during 2000-2001 was as follows:

Thermal
Hydro
Nuclear
Wind

2255
1235
880
115

Total 4485

1.3 Nuclear Power

The operating performance of the nuclear power plants is tabulated below. While
TAPS-1 and 2 are boiling water reactors, the rest are pressurized heavy water reactors
(PHWRs). The performance has exceeded the targets set and the generation has exceeded last
year's generation by 28%.

Unit

TAPS-1
TAPS-2
RAPS-1
RAPS-2
RAPS-3
RAPS-4
MAPS-1
MAPS-2
NAPS-1
NAPS-2
KAPS-1
KAPS-2
KGS-1
KGS-2

TOTAL

Rated Power
MWe

160
160
150
200
220
220
170
170
220
220
220
220
220
220

2770

Generation
TWh

1.289
1.119
0.549
1.600
1.348
0.242
1.127
1.387
1.555
1.488
1.831
1.663
0.530
1.322

17.050

Capacity Factor
%

92.0
79.9
41.7
91.3
84.0
46.3
75.7
93.2
80.7
77.2
95.0
86.3
73.9
68.6
70.3



The Nuclear Power Corporation achieved a provisional net profit, after providing for taxes, of
Rs.1020 crores during the year. 220 MWe PHWRs at Kaiga and Rajasthan, KGS-1, RAPS-3
and RAPS-4 started commercial operation on 16.11.2000, 1.6.2000 and 23.12.2000
respectively. The financial sanction for further 2x220 Mwe PHWRs at Kaiga was obtained.

2.0 FAST BREEDER TEST REACTOR (FBTR)

FBTR is a 40 MWt/13.2 MWe, mixed carbide fuelled, sodium cooled, loop type
reactor with two primary and two secondary sodium loops. Each secondary loop has two
once-through serpentine type steam generators (SG). Also provided are a turbo-generator
(TG) and a 100% steam dump condenser to facilitate reactor operation with TG bypassed.
After first criticality in October 1985, the reactor has been operated at various power levels in
stages upto 13 MWt and maximum linear heat rating (LHR) of 320 W/cm. TG was
synchronized to the grid for the first time in July 1997. The reactor has logged 1056 d of
cumulative operation of which 432 d has been with SG in operation. Cumulatively, the reactor
has generated 110 GWh of energy and 860 thousand units of electrical energy. The present
core has 33 fuel subassemblies (SA) (Fig.l). During the past year, in addition to regular
operations, experiments to measure the coolant void coefficient were carried out.

2.1 Reactor Operation

During the year reactor operated for 2986 h (Fig. 2). TG was synchronized to the grid
for 1412 h, generating 740 thousand units of electrical energy. The phenomenon of reactivity
variations noticed during earlier operation at 8 MWt was further investigated at various flows
and power levels up to 12.5 MWt. The phenomenon was found to occur at lower flows and
power levels up to 12 MWt and is absent beyond this power level. The transient is found to be
slow and self limiting and there is no further transient beyond the first transient. It was
concluded that the phenomenon basically occurs at low flows and came to light because the
reactor was operated at 8 MWt and correspondingly low flows for Zr-Nb irradiation
experiments needed for PHWR programme. As this regime of operation would not be used
any more, safety clearance for regular high power operation was obtained.

Sodium void coefficient was measured at the core periphery by loading a sodium filled
SA and replacing it with a helium filled one. As expected, the void coefficient is negative. It
is planned to measure the sodium void coefficient at other locations in the active core to
provide data for improving computational models.

The biological shield cooling system developed a water leak inside the reactor vault.
Investigations revealed that the leak is through a socket weld in one of the 180 pipes
embedded in the borated concrete of the reactor. The sub-loop having the leaking tube was
identified and isolated. It is planned to chemically plug the leaking tube. Studies indicate that
the loss of cooling is about 8% and would not affect reactor operation.

2.2 System Performance

The Markl carbide fuel reached a peak burnup of 71,170 MWd/t without any clad
failure. Post irradiation examination of a SA discharged at a burnup of 50,000 MWd/t
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indicates that the fuel is in excellent condition. There still exists gap between fuel and clad
which can accommodate further fuel swelling before fuel-clad mechanical interaction (FCMI)
starts. The maximum fission gas release is estimated as 6%. There is no significant dilation of
the hexcan. SA lifting force measurements have confirmed that the SA are still easily handled.
Based on these results the target burnup for the fuel is to be raised to 100,000 MWd/t.
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(AFTER TOW. HANDUHC CAMPAIGN i SB)

(AS ON 3 1 . 0 a . t 0 0 Q
(IHMPIATION CAMPAIGN No. OOB)

-FUEL (Pu(
( 25 Mark I + 6 Mark II )

LECEHD

NICKEL

( 177 )

CONTROL ROD ( B )

CONTROL ROD OUTER SHEATH ( 1 )

NEUTRON SOURCE SUB-ASSY ( 1 )

NICKEL SUB-ASSY IN STORAGE (11)

EMPTY OUTER SHEATH ( 1 )

STEEI,
< +50 )

ThO2 BLANKET ( 58 )

NON-FISSILE CAPSULE ( 2 >

DUMMY STEEL SUB-ASSY ( 2 )

VACANT ( 1 )

VOID COEFFICIENT MEAS. SA ( 2 )
{ T y p . - I * « )

Fig. I FBTR core configuration
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Fig. 2 Histogram of reactor operation

The performance of reactor systems, sodium systems, control rod drive mechanisms
(CRDM) and other safety related and auxiliary systems was satisfactory. The primary and
secondary sodium purity has been maintained below the plugging temperature of 378 K.
Sodium samples taken from primary and secondary loops were found to be conforming to
nuclear grade sodium. The four sodium pumps and their drive systems are operating very well
and have logged more than 100,000h of operation each. CRDM control logic has been
modified to facilitate on-power exercising of the control rods to measure the frictional force.

2.3 Future Programme

It is planned to raise the reactor power upto 15 MWt and to operate it with TG
synchronized to the grid to the proposed target burnup of 100,000 MWd/t. Some flux
measurements and sodium void coefficient measurements are planned. Safety related tests
like decay heat removal by natural convection with sodium pumps tripped and station
blackout test are also planned.

3.0 PROTOTYPE FAST BREEDER REACTOR (PFBR)

500 MWe PFBR is designed as a pool type, sodium cooled fast reactor with 2 primary
sodium pumps (PSP), 4 intermediate heat exchangers (IHX) and 2 secondary loops, with 4
integrated SG per loop. Separate safety grade decay heat exchangers are provided in the hot
pool. The hot and cold pool sodium temperatures are 820 K and 670 K respectively.

Design life of the permanent components was revised from 30 y to 40 y based on
analysis of hot leg components. Consequently, unit energy cost is reduced by 4% due to lower
depreciation cost. Design codes, material data (RCC-MR, 1993), structural mechanics aspects
and functional limits were checked for the new design life. For replaceable equipment such as
IHX, pumps, fuel handling machines, and components of secondary, purification and steam
water circuits (including SG and TG), 40 y design life is also selected. 100 y design life is
specified for the concrete structures expected to be available till end of decommissioning
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3.1 Core Engineering and Component Handling

Analysis of fuel pin integrity under primary inlet pipe rupture event was carried out
taking into account the differences in the operating conditions of various pins. It was found
that all the pins held their integrity under this category 4 event.

The annular pellet, mixed oxide fuel specification was finalized. For irradiation
testing, a well characterized 37 pin PFBR fuel SA with outer dimensions of an FBTR SA, is
to be fabricated. Such a bundle was fabricated for out of pile hydraulics testing.

Design of control plug which houses the absorber rod drive mechanisms, failed fuel
location modules (FFLM), fuel SA outlet temperature measuring thermocouples, neutron
detector containers etc. was completed.

The decontamination process for the major reactor components like IHX and pumps
was finalized and the conceptual design of the decontamination system was completed.
Decontamination facility with water supply is planned to be located within RCB with suitable
precautions. The hydrogen release under accident conditions during sodium cleaning was
quantified for safe design.

Cooling arrangements for the spent fuel SA were simplified by: (i) heat removal of SA
in rotating shield by natural convection using the air in RCB and (ii) by forced cooling (0.01
kg/s) in fuel transfer cell (FTC) by drawing the nitrogen from FTC itself.

3.2 Reactor Assembly

3.2.1 Thermal Striping Limits

Thermal striping limits were established based on fracture mechanics studies as well
as failure experiences from reactors and the test results of international facilities
(SUPERSOMITE and FAENA). The limits are expressed as a function of accumulated creep-
fatigue damage. The specific thermal striping limits are: 60 K for core cover plate, 50 K for
bottom portion of control plug and 40 K for the main vessel bottom near the IHX outlet. In
order to respect these limits, the amplitude of sodium free level fluctuations should be
restricted to ± 55 mm in the hot pool and the amplitude of oscillations of stratified sodium
layers near the inner vessel redan surface should be less than ± 270 mm.

3.2.2 Decay Heat Removal (DHR) Transients Analysis

Transient analysis under safety grade decay heat removal (SGDHR) conditions, with
no power supply to PSPs and core sodium circulation by natural convection, indicated that the
transient clad temperature in a fuel SA in a storage location exceeds the specified temperature
limit (923 K). In order to quantify the benefit of possible inter-wrapper flow, detailed 2-D axi-
symmetric analysis of both hot and cold pools using the global temperature and flow
computed by ID analysis, was carried out. The SA were modelled as an axi-symmetric porous



body in the PHOENICS code. The maximum inter-wrapper flow averaged over the length of
SA was found to be -0.2 kg/s. This analysis indicated that the clad hot spot temperature limits
in a fuel SA in a storage location would not be exceeded. 3D analysis is also in progress to
confirm this. Fig. 3 shows flow and temperature distributions at a critical instant, 2 h after
power failure.

Fig. 3 Flow and temperature distribution under SGDHR conditions

The rate of drop of primary sodium temperature was estimated under conditions of no
decay heat and power failure, considering heat losses through the vault, roof slab, secondary
sodium, primary sodium purification and decay heat removal systems (Fig. 4). The time taken
for the temperature to fall from 423 K (150 deg C) to 393 K (120 deg C) is 16 h. However,
when only the vault and roof slab cooling systems are in service, it takes 14 d for a similar
reduction of temperature. Hence, there is no fear of sodium freezing for a reasonably long
duration.
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Fig. 4 Primary sodium temperature under no decay heat conditions



The transient pressure (external) distribution on the main vessel and in the gap
between the main and safety vessels under various DHR conditions was determined (Fig. 5).
The maximum inter-vessel gap nitrogen pressure is 0.12 MPa during station black out
extending for more than three hours with one SGDHR system unavailable and the maximum
external pressure on the main vessel is 0.012 MPa occuring during loss of steam water system
with one SGDHR system unavailable. It is assessed that the main vessel has sufficient
buckling strength for these pressures and thus is free from risk of buckling under severe
thermal transients.

2.2--
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o—a Net external pressure on MV
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Fig. 5 Pressure distribution along height of main vessel at time oj
maximum net external pressure

Analyses were carried out to study the sodium flow hydraulics in the stand pipe and
also to obtain temperature distribution along the PSP shaft during nominal and 20% power
conditions as well as under SGDHR conditions. From the temperature distribution (Fig. 6)
estimated for various conditions, it is seen that the maximum temperature of spherical bearing
is 591 K, which occurs during SGDHR conditions when roof slab cooling is not available.
The heat load to the oil cooling circuit by heat conduction through the shaft is ~ 1 kW. This
temperature distribution is required for the shaft mechanical design.
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Fig. 6 Temperature distribution along the PSP shaft length



3.2.3 Vibration and Seismic Analysis

The self-induced fluid forces (due to sloshing of free liquid level) on the weir shell in
the reactor assembly were identified and a computer code WEIRRES developed to evaluate
the dynamic response of the shell. The code was validated against an experimental benchmark
simulating 1/5 scale model of the Japanese DFBR. The dynamic response of the shell in the
fuel handling state shows instability under linear stability criteria. However, the non-linear
dynamic response analysis using this code indicated that vibrations are negligible for a
damping value >1 %, and maximum amplitude is 3.5 mm for a damping of value of 0.5%
(Fig.7). Literature survey confirms that the minimum damping value is > 1 % and the shell is
stable during fuel handling and other states.

3

E 2

1 0

C - 0.5 "-"

Fig. 7 Displacement of weir shell during fuel handling operations

Natural vibration analysis of PSP was completed using ABAQUS code. The finite
element model includes rotor, pump housing and box support including hydrostatic bearing
stiffness and fluid effects. The first four important frequencies are: 5.6, 8.2, 14.6, and 22.8 Hz
(Fig. 8). Using these results, dynamic response analysis due to mass imbalance and seismic
excitations were completed. The maximum stress intensity and displacements are 36 MPa at
motor support on the roof slab and 7 mm at pump housing bottom under OBE and 54 MPa
and 10 mm respectively under SSE which are well within the acceptable values.

C3

G

Nat.Freq = 8.2 Hz Nat.Freq = 14.18 Hz Nat.Freq = 22.8 Hz

Fig. 8 Important mode shapes of primary sodium pump
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Seismic analysis of reactor assembly was completed by applying the floor response

spectra generated at the roof slab support corresponding to 0.078 g and 0.156 g values under
OBE and SSE respectively. The analysis aimed to determine the stresses, displacements,
sloshing heights of free surfaces and dynamic pressure distributions on the various shells in
the reactor assembly. From the results, it was concluded that the stresses in reactor assembly
components were within the RCC-MR limits and also the displacement were within limits to
avoid mechanical interactions. The summary of the results is given in Fig. 9.

Stress in MPa

p ,

FUPa

S1

24

63

S2

27

79 4.9 mm

Fig. 9 Important results from seismic analysis

3.2.4 Stress Analysis

3D finite element model of core support structure (CSS) including grid plate was
prepared (Fig. 10) and the spacer pads were modeled by unilateral boundary conditions for
CASTEM 2000 code. The stress analysis of the model provided data on load transmitted to
the CSS through spacer pads. Using these loads, the 3-D plate and shell model of CSS was
analysed (Fig.l 1). Based on the study, locations of spacer pads were optimized at 36 locations
at the square grid and 32 locations on the radial grid portions. The structural integrity of CSS
was assessed based on detailed parametric studies considering the effects of possible
variations in the load distributions, stress-strain curve and plate thickness. Effects on rigidity
(deflection) as well as integrity (collapse load) due to removal of certain critical stiffness were
studied. Based on the studies, as well as experimental investigations on 1/5 model, the
structural reliability appears ensured.

Stress analysis of primary pipe along with the spherical header for the pressure,
seismic and thermal transient loadings was completed (Fig. 12). For the thermal transient
analysis, the spherical header is assumed stuck initially and to remain stuck throughout the
plant life. The pressure plus OBE loading decide the thickness of the pipe. Considering the



possible wall thinning during fabrication of pipe bend, a plate thickness of 10 mm was
recommended. Thermal stress analysis for the plant transients involving 10 different events
each with definite frequency, due to pump trips and power failures, etc. shows that one SSP
trip is the most severe event which causes the maximum fatigue damage. The cumulative
damage is -0.2 for the design life of 40 y. The cumulative creep damage during high
temperature period of thermal transients is negligible.

2 374

Fig. 10 Displacement of grid plate and core support structure
under mechanical loads (1/4 Scale integrated model)

Fig.ll. Displacement of core support structure under load
transmitted by grid plate (1/4 Scale Model)



-m-

Fig. 12 Displacement of primary pipe under SSE

3.2.5 Primary Pipe Rupture Analysis

Under the assumption of double ended rupture of a primary pipe at both the pump
discharge end and at the grid plate end, pressure and flow transient ID analysis was done. It is
seen that there is no void formation in any SA during the transient. For the final steady
conditions, 3-D hydraulic analysis was also carried out using the PHOENICS code. It was
found that the pressure drop, from pipe inlet to centre of grid plate (normally 4.6 m of Na), for
each of the four inlet pipes becomes respectively 2.4 m, 1.92 m, 0.327 m and -7.04 m (for
ruptured pipe). Flow redistribution occurs in each SA under this rupture condition and the
deviation is most for the peripheral SA, being a 2% increase close to the intact pipes and a 2%
decrease close to the ruptured pipe (Fig. 13).

Pipe-3 Pipe-2

Fig. 13 Flow profile in the grid plate under primary inlet pipe rupture
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3.2.6 LBB Analysis

LBB analysis of main vessel was completed as per the A16 procedure. The critical
location is near the sodium free level at which crack propagation is possible due to cyclic
stress during DHR conditions. Detectable crack length (2CL) assuming a 221/h detectable leak
(similar to Super Phenix) under the normal mechanical loads is found to be 19 mm with a
mouth opening displacement at 0.05 mm. The critical through crack length (2CG) at the same
location is 750 mm for preventing tearing initiation, with a factor of safety of 1.25. If tearing
is allowed up to 3 mm which is acceptable, the factor of safety will be more than 3. Hence
LBB is justified for main vessel with comfortable margin. However, the leak detection limit
of 22 1/h leak of argon into the inter vessel space has to be confirmed.

3.3 Sodium Circuits

Flow induced vibration analyses of IHX and SG tube bundles as well sodium to air
heat exchanger of SGDHR circuit were completed. Design check was done as per ASME
Section III Appendix-N against vortex shedding and fluid elastic instability mechanisms. For
the air heat exchangers, acoustic frequency was computed and shown to be considerably
higher than the vortex shedding frequency under maximum flow conditions as per TEMA.
Based on the above studies, optimum number of supports and locations were finalized.

LBB analysis of sodium piping was completed as per the French procedure A16
(1995) for diameters from 15 to 250 mm. It is possible to demonstrate LBB for pipe sizes
greater than 150 mm under normal operating pressure. However, for the smaller SGDHR and
purification pipelines, LBB justification is not found possible, unless the system pressure be
increased and the pipes be made thinner.

To decide on the need for automatic action during an SG sodium water reaction,
assuming non-closure of water/steam side isolation valves with depressurisation valves open,
the consequences of a large water leak in SG were investigated. Dynamic pressure rise
analysis showed that the pressure inside SG remains below design basis value even with 100
tube failure in 10s (Fig. 14). There is no need of automatic action, and manual closure of
isolation valves and tripping of the boiler feed pumps can terminate the reaction completely.

DssJgn Basis Leak
is Failure of 3 Tub** ai the Top of SG

Too Ruptute Disc Breaks at 0 !020s
mom Rupluie Disc Breaks al O.i 185&

Tube Falls After Every 0.1 B
Top Rupture Disc Greeks al 0.102Os
Bottom Rupture Disc Breate al 2.481 Os

Large leak SWR studies

Fig. 14 Large leak sodium water reaction in SG



3.4 Plant Layout

Plant layout is being worked out with rectangular reactor containment building (RCB).
Rectangular (35x35 m) and circular shapes (45 m diameter) were compared in detail under
dead load, internal pressure (20 kPa) and seismic accelerations (0.078 g for OBE and 0.156 g
for SSE). On account of better space utilization, lesser construction time, use of conventional
crane (circular RCB needs special polar crane), lower overall cost and presence of
compressive stress on the inner wall surface (which reduces the leakage), rectangular shape
has been selected.

Fig. 15 gives the selected plant layout. All the buildings of the nuclear island are
interconnected and mounted on a common base mat. All safety related buildings are located
outside the cone of the influence of low trajectory turbine missile. Consultants were appointed
for the design of balance of plant (BOP) systems and components.

Dimensions: m. Scale: 1:3500

Fig. 15 Plant Layout



3.5 Manufacturing Technology Development

Manufacturing technology development of main NSSS components and materials is
continued. Development work for steam generator, involving drilling and machining of tube
sheet spigot, bore welding and its examination, aluminising of Inconel 718 tube bundle
support and PWHT of SG in two stages was completed (Fig. 16). Techniques for tube to tube
sheet weld repair and its plugging were also established.

Fig. 16 Steam generator reheater

Manufacturing of prototype Control and Safety Rod Drive Mechanism (CSRDM) and
Diverse Safety Rod Drive Mechanism (DSRDM) was completed (Fig. 17). Each mechanism
consists of an upper and a lower part, and they were fully tested at the manufacturers shop.
Two control and safety rod SA were fabricated at Nuclear Fuel Complex for integrated
testing.

Manufacture of inner vessel sector with, close tolerances on profile, was also
completed and received at site (Fig. 18). Manufacture of roof slab sector and transfer arm is in
an advanced stage of assembly. Manufacture of IHX tube sheet forgings in SS316LN material
and SG forgings in Modified 9 Cr-1 Mo steel was completed.
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Fig. / 7(aj CSRDM (upper and lower parts) Fig. 17(b) DSRDM (upper and lower parts)



Fig. 18 Inner vessel sector

3.6 Safety and Environmental Aspects

3.6.1 Safety Review

The Project Design Safety Committee of Atomic Energy Regulatory Board (AERB)
and the Internal Safety Committee continued the two level safety review. The following
topics were discussed during the year: Engineered safety features, Core disruptive accident
(CDA) analysis, Quality assurance, Instrumentation and Control, Fire protection.

CDA analysis gave important parameters for the reactor containment building (RCB)
design. Mechanical energy release of 100 MJ in CDA has been accepted.

AERB appointed expert committee reviewed and approved the computer codes used
for reactor physics design analysis. Review is still continued by the expert committees for the
shielding, structural mechanics, thermal-hydraulics, accident analysis, sodium fire and
radioactivity dispersal computer codes. A Civil Engineering Safety Committee was also set
up.

3.6.2 Reliability Analysis

Loss of off-site power (LOP) statistics at Kalpakkam site was re-analyzed. It is found
that average LOP frequency and duration are 3.8/y and 39 minutes respectively. A maximum



duration of 4 h was observed in 1993. The maximum frequency observed in a single year
(1995) was 14. Single exponential fit for LOP duration up to 2 h and a Weibull fit for LOP
duration beyond 2 h is found to appropriately represent the LOP frequency distribution here.

Using the LOP data, station black out (SBO) frequency versus duration was studied.
The unavailability of the emergency diesel generator (DG) in 1/4 and 2/4 configuration were
obtained using fault tree analysis and Markov method. It was found that, for 8 h repair time,
the frequency of SBO is fLlO^/ry for SBO duration of > 4 h for 2/4 DG configuration, and >
2 h for 1/4 DG configuration. For frequency of SBO <_ 10"6/ry, the SBO duration is > 14 h
for 2/4 DG configuration and > 1 lh for 1/4 DG configuration.

3.6.3 Environmental Impact Assessment (ElA)

A year long study of the likely environmental impact of PFBR was carried out. The
environmental parameters studied were (i) ambient air quality, (ii) water quality,
(iii) terrestrial and marine ecology, (iv) noise level and (v) radiation environment. A socio-
economic survey of the nearby communities was also conducted including gauging the public
perception about the project. From the base line survey and modeling studies, a
comprehensive EIA statement and environmental management plan have been prepared.
Preparation for a public hearing is in progress as required for the statutory clearance of the
project by the Ministry of Environment and Forests.

3.6.4 Radioactivity Dispersal

A stack is provided for routinely discharging into the atmosphere the ventilation and
process air including radioactivity arising from failed fuel pins. Release through the stack is
not contemplated for accident situations and the radiological consequences of the routine
release become the determining criteria for estimating the stack height and exit diameter.
Modeling was done with atmospheric dispersion code SPEEDI and a sea breeze circulation
code developed in-house with discharges from the design limit of 4 failed fuel pins. The wake
effects due to building structures and the fumigation phenomenon, which is important at the
Kalpakkam coastal site, were taken into account. The likely exposure at the site boundary is
found to be well below the apportioned dose limit of 90 jaSv/y even for short stacks.
Consequently, it is the radioactivity in air and likely exposures around the plant premises that
are dominant factors in determining stack height. Based on the study, a 100 m tall stack with
efflux velocity greater than 7.5 m/s located on the leeward side (for the predominant wind
direction) is recommended.

For the design of RCB, the likely exposure at the site boundary and the control room
habitability have been examined for CDA conditions. The site boundary dose is below
regulatory limits (100 mSv) applicable for accident situations. The external gamma dose in
the control room due to bottled up activity in the RCB can be brought to acceptable levels
with concrete shield of one meter. The inhalation and immersion dose arising from the ingress
of contaminated air from outside is being investigated.
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3.6.5 RCB Design Pressure

The RCB design pressure is based on the maximum pressure rise due to burning of
sodium ejected under CDA of 100 MJ work potential. Dynamic analysis of sodium ejection
through leakage paths in the roof slab along with the flow resistance characteristics and with
a margin for uncertainty gave a design sodium ejection of 530 kg..

The sodium fire analysis has been carried out for the following three situations:
i) Instantaneous burning of all the sodium ejected,
ii) All the sodium ejected burning as a pool,
iii) All the sodium ejected horizontally on top of the pile and then deflected upwards by

nearby components and initially burning as spray fire followed by pool fire.

In the first case it is assumed that the total combustion of sodium is instantaneous and
all the combustion heat released goes to increase the RCB pressure. This estimate is the
theoretical upper bound and the peak pressure and maximum gas temperature of RCB are 28
kPa and 388 K respectively. The second case was analysed with SOFIRE II code which
predicted a peak pressure of 14.4 kPa and a maximum gas temperature of 347 K. For the third
case, the estimated height the ejected sodium travels is about 1 m. In this travel it can burn as
a spray fire and this was analyzed using NACOM code. The remaining sodium burns as a
pool fire, which was analysed using SOFIRE II code. The peak pressure of RCB under this
situation is 13.9 kPa and the maximum gas temperature is 345 K.

Applying a suitable factor for the uncertainties in the calculations, the recommended
value for the RCB design pressure is 20 kPa with maximum gas temperature of 364 K.

4.0 RESEARCH AND DEVELOPMENT

4.1 Reactor Physics

4.1.1 PFBR Bulk Shielding Experiments

The purpose of the shielding experiments is to estimate calculational uncertainties and
obtain bias factors. The experiments are being carried out using leakage neutrons from
APSARA, a water moderator thermal reactor (Fig. 19). In order to get a higher neutron
leakage an air filled aluminum box was used to reduce the water reflector. Depleted uranium
(DU) is used to convert the leakage neutron spectrum into a hard spectrum close to fast
reactor blanket leakage spectrum.

Neutron flux was first measured without DU converter by activation foil method. The
measured neutron flux at 4 kW reactor power was 2.17xlO7 n/cm2/s, compared to a calculated
value of 2.86x107 n/cm2/s.

Subsequently, with DU converter the emergent neutron spectrum was measured using
activation foils and it was established that the neutron spectrum is close to the leakage
spectrum from the PFBR blanket (Fig. 20).
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Using the emergent neutrons from the DU converter, various shield models of sodium,
steel, borated graphite and boron carbide were studied. In general, C/E is found to lie between
0.5 and 1.4 for thermal and epithermal activation and between 0.3 and 1.9 for threshold
detectors in the steel/sodium models. Further experiments are planned.

4.1.2 Shield Design

Detailed flux calculations have shown that all reactor states cannot be adequately
monitored by neutron detectors below the main vessel or in the radial biological shield.
Hence, use of in-core neutron detectors in control plug at core cover plate and reduction in top
axial shield are considered. A detailed 2D(r,z) calculation was performed using the DORT
transport theory code, and secondary sodium activity in IHX was calculated by modeling IHX
with Monte Carlo method. To meet the conflicting requirement of adequate flux at in-core
detector location and permissible secondary sodium activity, local shielding of IHX with B4C
is found to be needed Permissible secondary sodium activity corresponds to an upper dose
rate limit of 10 uSv/h in the SG building which would be a controlled access area.

4.2 Engineering

Engineering R&D activities in support of PFBR design include experimental studies
on Large Component Test Rig (LCTR), in-sodium test facilities, sodium pump development,
component development and testing, thermal hydraulics and instrumentation. In addition, a
Boron Enrichment Facility is being commissioned and a Steam Generator Test Facility is
being constructed.

4.2.1 Large Component Test Rig

LCTR is a major sodium test facility for heat and mass transfer studies. The heat load
to roof slab and top shield was estimated with different cover gas heights and sodium
temperatures. A dip seal below the top shield has been found effective in reducing the heat
load.

4.2.2 In-Sodium Testing

SILVERINA, a new sodium loop was commissioned (Fig. 21). The loop has three test
pots with the flexibility of conducting three experiments with different test parameters, upto a
maximum temperature of 873 K. Testing of roller thrust bearing of PFBR inclined fuel
transfer machine in reactor grade sodium at 473 K is in progress.

To understand the mechanism of sodium freezing in pipe lines, experiments were
initially carried out with 90 mm pipe in 500 kW loop. Results indicated that freezing in a
horizontal pipe with only natural convection cooling is difficult due to convection currents in
sodium within the pipe. Based on the results, experiments in 400 mm pipe with one
convection barrier simulating the isolation valve in PFBR secondary circuit are planned.



Fig. 21 SILVERINA sodium loop

Sodium vapour deposition studies in the narrow working gaps of CSRDM model were
carried out for 1500 and 3000 h. The sleeves provided were found to reduce the sodium
deposition significantly and this avoids the need for metal bellows for sealing. Based on this,
suitable modification was carried out in the prototype CSRDM also.

4.2.3 Sodium Pump Development

Study of the compact PSP hydraulics through tests on 1/2.75 scale model (Fig. 22)
was completed in collaboration with industry. Different combinations of impeller and suction
bell were tested and the optimum design satisfying hydraulic ratings and cavitation
performance was selected. For cavitation tests, paint erosion technique was used.

Tests at 400 rpm with rotor assembly inclination up to 0.4 deg. have been completed
to investigate the dynamic behaviour of PSP rotor assembly. Vibration and shaft orbital plots
indicate satisfactory operation of the pump assembly with the proposed compliant support at
top. Studies at 700 rpm are in progress.

Design validation tests on the slip joints required for PSP and Secondary Sodium
Pump (SSP) on full scale models in water rigs have been completed at a collaborating
Institute. After modification of exit profile, satisfactory performance with respect to leakage
flow and cavitation was achieved for the PSP labyrinth type slip joint. Testing of the SSP
piston ring type slip joint has also been completed and the design validated.

Design of 170 m3 /h reflux type annular linear induction pump required for PFBR
secondary circuit has been completed.



Fig. 22 1/2.75 scale hydraulic model test rig ofPSP

4.2.4 Drive Mechanisms and Testing

A test facility with clean environment was set up for testing of the prototype CSRDM.
Testing with dummy weight in place of control rod was completed with satisfactory results.

Testing of full scale dashpot assembly of DSRDM has been completed with water as
dashpot fluid in place of sodium and the performance is satisfactory. Load bearing capacity
and response time of the high temperature DSRDM electromagnet were measured in a furnace
up to 823 K and the results are satisfactory. The set up for testing the electromagnet in sodium
is getting ready.

The research work related to the development of temperature sensitive magnetic
switch (TSMS) is nearing completion at a collaborating institute. For achieving desired
operating temperature, a new ferromagnetic alloy of Ni, Co and Fe was synthesized and the
TSMS built with this alloy was successfully tested.
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4.2.5 Thermal Hydraulics

Hydraulic experiments on PFBR dummy fuel subassembly with indigenously
manufactured clad tubes have been completed. The pressure drop is within acceptable limits.
In collaboration with an institution, design and manufacture of a complex labyrinth assembly
required to reduce leakage at subassembly foot were completed.

The effect of the rupture of a primary inlet pipe on flow distribution was studied using
dye injection technique in a rectangular slab model.

The manufacture of FFLM for testing in water has been completed. After coupling
with the positional drive system for selector valve movement, dry testing was completed.

Experiments were conducted in 1/5 scale water model (Fig. 23) for study of jet mixing
in the space between main vessel and thermal baffle. The flow patterns were observed using
fine threads. The model was numerically simulated using PHOENICS code. It was found that
the mixing flow pattern of the jets in the annulus is well predicted by the code. It was seen
that the flow distribution is non-uniform with jets rising up to the free surface with large
recirculation in-between the jets. It was also seen that when one of the pipes is blocked, the jet
adjacent to the blocked pipe is affected very much. It changes its flow path and bends towards
the nearby flowing jet. This enhances the non-uniformity of the flow distribution in the
circumferential direction which is also well predicted by the code.

Fig. 23 Experimental simulation of flow distribution in main vessel
(1:5 Scale Water Model)



- 2V4 -

4.2.6 Instrumentation

The ultrasonic under sodium scanner developed for FBTR was fitted with three new
transducers of improved construction. The transducers are made compact with welded
construction of the nickel body and the crystal is soldered instead of the hitherto used method
of coupling with grease. The transducer is being tested at 473 K in sodium.

Ultrasonic transducers suitable for mounting on pipelines at temperatures up to 523 K
for use in clamp-on type ultrasonic sodium flow meter have been designed and manufactured.
A pair is undergoing evaluation tests in a sodium rig.

The feasibility of using ultrasound pulse echo technique for determining the drop time
of DSRDM in the reactor was studied in water using waveguides of solid rod, rod with
grooved surface and bundle of 1 mm dia wire. Noise-free pulse echo transmission was
obtained in wire bundle type waveguide. Testing of wire bundle waveguide of 8 m length and
10 mm diameter is in progress.

4.2.7 New Facilities

a) Sodium Water Reaction Test Facility

The facility is being set up to study micro leaks, impingement wastage and leak
detection techniques. Mechanical and electrical construction activities have been completed
and the instrumentation works are nearing completion. Leak simulators in mg/s steam leak
range, developed in-house are undergoing calibration prior to installation in the loop.

b) Steam Generator Test Facility (SGTF)

For SGTF, the sodium storage tank was erected in the dump pit after installation of
heaters, leak detectors and thermal insulation. The civil works on steam-water system have
come up to + 10 m level. Design of major components in the steam-water system has been
completed and orders placed for their manufacture. Flexibility analysis of sodium piping has
been completed and lay out of piping and structure completed. Manufacture of steam
generator is at an advanced stage. Feed heater, deaerator, boiler feed pump and the required
quantity of sodium have been received. The centrifugal sodium pump and the variable speed
drive system were tested for performance and endurance at the operating temperature in a
separate sodium loop.

c) Boron Enrichment Facility

In order to reduce pre-treatment time separate lines to all the process columns were
provided to feed NaOH. Four mobile units for installation of instruments required for
monitoring band movement during plant operation were fabricated and tested. The resin has
been charged into all the process vessels, five cycles of pretreatment completed and the resin
is kept ready for operation. The mock-up operation and commissioning trials have been
completed and engineering experiments to improve the plant output are in progress. After
necessary modifications to the experimental set up, boric acid was charged and the borate



band has been displaced to a length of 105 m after continuous operation. The enrichment
profiles during displacement are being established. R&D experiments were conducted in the
laboratory to compare the performance of Doshion ASB-8020D with Tulsion A-36 resin. A
pH sensitive coloured resin has been developed in the laboratory to physically visualise the
band movement during plant operation.

4.3 Structural Mechanics

4.3.1 Buckling Tests on Main Vessel Models

Buckling tests were conducted on eight 1/20 scale main vessel models (Fig. 24).
Critical buckling loads and mode shapes were predicted satisfactorily by finite element
method by including the effects of imperfection and plasticity.

Fig. 24 Buckling of main vessel model



4.3.2 Structure Integrity Tests on Main Vessel Models

Six 1/30 scale main vessel models and three 1/13 scale models of reactor assembly
were tested with chemical explosion simulating core disruptive accident. The tests
demonstrated excellent repeatability with two bulged portions of the vessel cylinder after
explosion. The critical location was found to be the junction of roof slab and main vessel. The
bimetallic welds could absorb only 10% strain in the carbon steel portion of the junction. The
damage potential of the vessel without internals was established and extrapolation to PFBR
size indicates that the main vessel can absorb a mechanical energy of 1000 MJ. Vessel models
with internals showed significant energy absorption due to the presence of internals and the
maximum strain was reduced significantly, from 12% to 2.7% at the upper bulge and from
6.1% to 2% at the lower bulge. Fig. 25 shows the 1/13 model mounted on test bed.

Fig. 25 1/13 Scale mockup of reactor assembly for CDA testing

4.3.3 Structural Integrity Tests on Core Support Structure

A series of tests have been conducted on 1/5 scale CSS models, three made of carbon
steel and one made of SS. Finally the stiffness matrix coefficients were obtained by applying
loads (within elastic limit) at the spacer pad locations. The stiffness values compared well
with the numerical predictions using CASTEM 2000 code (Fig. 26).

4.3.4 Fatigue and Fracture Test Facility

A new fatigue and fracture test facility with 1x100 t + 2x50 t actuators for large size
reactor component models has been installed. Fatigue tests on a typical tee of PFBR
secondary sodium piping are in progress to demonstrate LBB capability (Fig. 27).
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Fig. 27 LBB test on Tee junction

4.4 Safety Engineering

4.4.1 Activity Deposition Studies:

SOLPREC-1 code, written here, was used for estimating the deposition of activated
corrosion products, such as 54Mn and 60Co, in the primary circuits of FBTR. Suitable
locations selected for measurement of deposited activity in the primary circuit, for validation
of the code, are at IHX inlet, IHX-Pump pipe segment, and Pump outlet. Corresponding to
these locations computations were made for the average deposition of 54Mn and Co for
FBTR operations up to May 1999. The values obtained using the code are given below:

Location

IHX - Pump pipeline
Pump outlet

IHX inlet

54Mn
Average Surface Deposition

(Bq/cm2)
17.7
17.4
15.2

b0Co
Average Surface Deposition

(Bq/cm2)
0.0925
0.0509
0.127



4.4.2 Studies on Safety Aspects of Sodium-Ethanol System

It was earlier reported by the French that there is a possible runaway reaction in
sodium-alcohol systems. At IGCAR, ethanol is commonly used as cleaning agent for sodium
wetted components. Hence studies were initiated in assessing the possible runaway reactions,
if any, in sodium-ethanol system. Two experimental runs on sodium-ethanol reactions were
carried out in an accelerating rate calorimeter with sodium and ethanol in molar ratio of 2:1.
Some of the observations made from these experimental runs are as follows:

a) Only one pneumatic runaway event was noticed with onset temperature and pressure
of about 518 K and 165.5 MPa respectively. Peak self-heating and self-pressurization
rates were around 2.5 K/min and 44.8 MPa/min respectively. Peak rise in adiabatic
temperature and isochoric pressure were in the range of 398 K and 282.7 MPa.
Duration of runaway phase ranged from 16 to 24 minutes.

b) Ethanol-specific energy release for primary single reaction and secondary multiple
reactions were worked out to be 4.7 and 2.6 MJ/ kg ethanol.

c) Peak gas production efficiency was 49% of ethanol mass along with average
molecular mass of gaseous products varying from 27.5 to 32 g per mole of mixture

Additional experimental runs for different molar ratios of sodium and ethanol are planned for
a comprehensive assessment of runaway reactions in this system.

4.5 Metallurgy

4.5.1 Use of Multiple Heat Stress Rupture Correlation for Characterizing 316LN Stainless
Steel and its Welds

As a part of evaluation of PFBR structural material, creep rupture properties for SS
316LN and its weld metal were determined. The stress rupture data for base and weld of this
material are shown in Fig. 28. The data generated is not adequate for stress rupture correlation
for the purpose of extrapolation. Therefore, "reference" isothermal multiple heat correlations
earlier developed here for this type of material are used for this purpose. These "reference"
correlations have been developed for eight temperature levels in the range 773-1123 K. Stress
rupture data for 36 heats of SS 316 and SS 316LN comprising bars, plates and tubes (total 590
sets) from literature (NRIM data sheets for SS 316 materials and European Commission's
Working Group Report for SS 316LN material) were used for this purpose. The specific form
of the equation used for isothermal correlation for the ith temperature level and k^ heat is:

/Y = fli - bi • Pi' - a • exp(/Y )-di- exp(2/Y )
with Pi s In(o7|i) + Pk and P{ = hi tr - ock. Here tr is the rupture life, a the applied stress, ja
the shear modulus at the creep testing temperature, a\, b\ , c\ and d\ are the temperature-
dependent constants of the correlation and ak and Pk are the heat-indexing constants for the kA

heat, assumed to be independent of temperature. The optimal values ("reference values") of
these constants were determined by least square fitting. Experience shows that tr should be
more than about 100 h to get reliable correlation. The isothermal correlation and extrapolation
of stress rupture data for a "new" heat of this class of material involves determining the values
of a and p appropriate for this heat. This proved successful for the base metal of PFBR



material (Fig. 28). For the weld metal, data below certain arbitrarily chosen tr (depending on
the test temperature) had to be excluded from the fit to ensure that the effects of 5 ferrite
transformation during creep on tr are accounted for. In Fig. 28, the lines show the fitted In tr

vs. ln(cr/^i) plots obtained from the reference isothermal correlations and a and {3 determined
for the respective materials. Thus, the "reference" correlations can be reliably used for
correlating and extrapolating to long rupture lives the base and more importantly the weld
data.

PFBR 316L(N) SS Base metal
12

PFBR 316L(N) SS Weld Metal
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Fig. 28 In tr vs. ln(o/ju) plots. The symbols indicate the experimental data for base metal and weld
metal. The solid lines are obtained from the "reference" fits by using the optimised a and /?
for the new heat.

4.5.2 Dynamic JR Curves ofAISI 3 08 Weld and AISI316 Stainless Steels from Instrumented
Impact Test ofCharpy V-Notch Specimens

Evaluation of JR (J fracture resistance) curves of ductile steels using pre-cracked
specimens is well accepted. However, pre-cracking is a cumbersome and time consuming
procedure. Hence, there is continuing interest and effort in obtaining conservative estimates of
Jid (dynamic initiation J toughness) or JR curves using small and blunt notched specimens,
particularly Charpy V-notch (CVN) specimens. Based on the instrumented impact test
results from CVN and pre-cracked CVN (PCVN) specimens of AISI 316 stainless steel, a
new (shift) procedure has been suggested for obtaining the JR curves of ductile alloys from the
load-displacement traces of (un-pre-cracked) CVN specimens, with CVN energy > 30 J. This
involves generating the pseudo-jR curve from CVN specimens using a key-curve method and
also the Schindler JR curve. Then, the pseudo-jR curve is shifted uniformly downward to
bring it into coincidence with or slightly above the Schindler curve. This shift can be
expressed as Jpseudo + Q-p, where p is the exponent in the power-law fitted to the pseudo-jR
curve and Q takes values of - 2 to - 4. The shift JR curves (JR curves obtained by the above
shift method) more truly reproduce the slopes of the PCVN-Jj? curves (hence tearing
resistance) than the Schindler curves, though the latter are easy to generate. The procedure has
also been applied to results from CVN and PCVN specimens of 308 weld. The PCVN weld
results show more scatter as compared to the CVN results; hence, the reproducibility of the
slopes of the PCVN-J# curves is not as good as in the case of 316 SS and seems to be not



much better than that from the Schindler curves. An equation has been obtained that predicts
the necessary shift using the power-law exponents of the pseudo-jR curves from CVN
specimens. However, the range of applicability, size restrictions applicable and other aspects
(like influence of loading rate, use of blunting line) need further validation using tests on
different materials and in different test conditions. These methods will be useful not only for
quality control purposes, but even for conservative engineering design.

4.5.3 High Temperature Mechanical Properties

Alloy D9 austenitic stainless steel (ASTM designation UNS 38660) has been selected as
the cladding and wrapper material for PFBR. The material will be used in the cold worked
condition and the specified value of cold work is 20 ± 4%. The tube dimensions are 6.60 mm
outside diameter and 0.45 wall thickness. Chemical composition of the tubes under evaluation
corresponds to titanium to carbon ratio of 6. The creep properties of alloy D9 tubes were
evaluated at 923 and 973 K at various stress levels. Figure 29(a) shows the variation of steady
state creep rate with applied stress. A power law relationship is obeyed between applied stress
and steady state creep rate. A two-slope behaviour is observed at 973 K whereas at 923 K,
there is no change in the slope over the test conditions that have been completed so far. The
variation of rupture life with stress at 923 and 973 K is shown in Fig. 29(b). Rupture ductility
of the material is found to be rather low, below 10%, at rupture lives beyond 1000 hours.
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A comparative evaluation of the creep rupture properties of type 316LN SS base metal,
weld metal and weldment has been carried out at 923 K. The weld metal gave the lowest
rupture strength whereas the base metal displayed the highest rupture strength (Fig. 29(c)).
Weld metal rupture strength was above the minimum rupture strength values specified by
RCC-MR design code for 316LN SS weld metal. Rupture ductility of the weld metal and the
weldment are nearly equal below a rupture life of 20,000 hours. The base metal exhibited
significantly higher rupture ductility compared to the weld metal and the weld joint.
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Evaluation of the creep behaviour of 9Cr-lMo/Inconel 182/Alloy 800 dissimilar weld
joint at 823 K over a stress range of 100-250 MPa has been carried out. The results are
compared to those of 9Cr-lMo base metal and 9Cr-lMo/9Cr-lMo similar weld joint. The
weld joints were given a post weld heat treatment (PWHT) of 973 K for 1 hour. Both the weld
joints exhibited lower rupture lives compared to the 9Cr-lMo base metal. The similar and
dissimilar weld joints exhibited comparable rupture life at higher applied stresses. At lower
stresses, the dissimilar weld joint displayed lower rupture life than the similar weld joint.

The influence of different soaking temperatures in the range 973 — 1623 K (Below
to above AC4) followed by oil quenching and tempering on microstructure, hardness, grain
size and tensile properties of modified 9Cr-lMo steel has been studied in an effort to assess
the tensile behaviour of the different microstructures likely to be encountered in the heat
affected zone (HAZ) of the fusion welded joint of the steel. The steel developed
predominantly martensitic structure after quenching. Soaking of the steel in the inter-critical
temperature range (Aci and AC3) reduced the prior austenitic grain size and hardness. Soaking
temperatures above Ace increased the grain size and hardness of the steel until the formation
of delta-ferrite above Ac*. The delta-ferrite formation above AC4 soaking temperatures
reduced the grain size and hardness of the steel. Tensile strength of the steel exhibited a
minimum for soaking in the inter-critical temperature range where the ductility was highest.
Strength increased and ductility decreased with further increase in soaking temperature above
AC3. Formation of delta-ferrite above AC4 soaking temperatures improved the ductility.
Tensile properties have been correlated with the microstructures.

Detailed investigations have been performed to understand the effect of cold work on
the low cycle fatigue behaviour of alloy D9. Total axial strain controlled LCF tests were
conducted at 823 and 923 K in air on solution annealed and 20% prior cold worked alloy. The
solution annealed material cyclically hardened while the cold worked material exhibited
cyclic softening. Solution annealed material displayed superior plastic strain LCF resistance
when compared with the cold worked material at both 823 and 923 K. The total strain LCF
resistance of the cold worked material was superior at low strain amplitudes at 923 K. In the
cold worked state, the alloy exhibited very fine precipitation of TiN in the Matrix.
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High temperature low cycle fatigue studies at different strain rates have been carried out
on indigenously produced modified 9Cr-lMo ferritic steel in normalized (1313 K/l hr) and
tempered (1033 K/l hr) condition. The tests were conducted at 773, 823 and 873 K at a
constant strain amplitude of ±0.6% and employing strain rates of 3 x 10" s"1 and 3 x 10"4 s"1.
At all the temperatures, the cyclic stress response decreased with decrease in strain rate.
Fatigue life decreased with decrease in strain rate and increase in temperature. The decrease in
fatigue life at low strain rates and high temperatures has been attributed to oxidation-fatigue
interaction. Creep-fatigue interaction studies have also been performed on normalized and
tempered samples at 873 K with hold times (1 min. duration) in tension. Samples after
normalizing and tempering were aged at 873 K for 10,000 hours and continuous cycling
fatigue tests were performed at 873 K at strain amplitudes in the range ±0.25 to ±0.6%.
Ageing of the alloy caused a reduction in LCF life.

4.5.4 Weldability ofAustenitic Stainless Steels

Weld metal cracking and HAZ cracking (liquation and ductility dip cracking) are major
areas of concern in welding austenitic stainless steels. Although weld metal cracking can be
generally controlled by optimising the chemical composition of the welding consumable, this
method cannot control cracking in the HAZ. Weldability of Alloy D9 is of concern since
Alloy D9 is fully austenitic and contains titanium, both of which promote hot cracking. In
316LN austenitic stainless steel, the presence on nitrogen could increase cracking.

Extensive investigations have been carried out to study hot cracking susceptibilities of
316LN and D9 in the fusion zone and in the HAZ using the Varestraint test. In this test,
controlled bending strain is applied to a specimen on which a gas tungsten arc weld bead is
deposited autogenously. The strain produces cracking in the fusion zone as well as in the
HAZ. A methodology has been developed for analysing Varestraint test data using various
crack length criteria and brittle temperature range (BTR) for cracking. In the fusion zone,
cracking was found to be a strong function of the solidification mode. Accordingly, the D9
solidifying in the austenitic (A) mode showed much higher cracking susceptibility than the
reference 316L with a ferritic-austenitic (FA) mode. In D9, it was found that titanium
combines with sulphur, carbon and nitrogen to form eutectics that promote cracking in the
weld metal and HAZ. Increasing titanium content from 0.2 to 0.4 wt.-%, increased fusion
zone cracking by 20% and HAZ cracking by several times. The cracking is shown as a
function of Ti/(C+N) ratio in Fig. 30(a). Based on this work, it is recommended that Ti must
be kept to a minimum, to reduce cracking susceptibility.

In 316LN weld metal, cracking was not adversely affected by nitrogen contents of 0.06-
0.1 wt.-% for the FA solidification mode (delta ferrite in the range 3-7 FN), in comparison to
the reference 316L. However, in the austenitic-ferritic (AF) or A modes, nitrogen increased
cracking when the sulphur level was high (120 ppm sulphur) compared to the low-sulphur
316LN (<10 ppm sulphur). Nitrogen increased cracking susceptibility in the HAZ irrespective
of the level of sulphur, particularly when the ferrite-forming tendency of the underlying base
metal was low. The effect of N on weld metal cracking in 316LN and the reference 316L are
shown in Fig. 30(b). To compare cracking in a fully austenitic structure without nitrogen,
nickel added-specimens were also tested.
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4.5.5 Hardfacing Material for PFBR NSSS

Selection of hardfacing materials for all NSSS components of PFBR have been
finalized based on detailed radioactivity calculations and metallurgical studies. Long-term
thermal ageing studies, simulating actual service for more than 40 years, showed that the
nickel-base Colmonoy alloy hardface coatings would retain adequate hardness. Therefore,
Colmonoy alloys replace the cobalt-based Stellite alloy hardface coatings, wherever it is
necessary to reduce the dose rate during handling, maintenance and decommissioning of the
various components.

4.5.6 Corrosion Behaviour ofFBR Materials

(a) Intermetallic Aluminide-Based Composite Layers on Nitrogen-Bearing Austenitic
Stainless Steels and their Aqueous Corrosion Resistance
Type 316L SS having different matrix nitrogen content were coated with aluminium by

physical vapour depoOsition (PVD) process and diffusion annealed. This resulted in the
formation of phases like A1N, Al^Fe^ and FeA^. Enrichment of oxygen at the surface
indicated the formation of alumina at the surface, followed by oxy-nitride phases. The
corrosion behaviour was evaluated by potentio-dynamic polarisation, and also by
Electrochemical Impedance Spectroscopy method. The formation of such nonconductive
ceramic coatings reduced the cathodic reduction kinetics and enhanced the overall corrosion
resistance. Alloys with high nitrogen showed inferior corrosion resistance. EIS immersion
results showed increased polarisation resistance and stability of the coated layers.
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These steels were also coated with aluminium, titanium and titanium/aluminium by
PVD methods and diffusion annealed. This resulted in the formation of intermetallic phases
like A1N, Al^Feu, FeA^, Ti2N and T13AI. The effect of intermetallic layers on hot corrosion
resistance was studied by dipping the surface modified specimens in saturated sodium
chloride solution and exposing them at 1023 K in air. Among the various intermetallic
coatings the titanium coated and diffusion annealed type 316L SS specimens showed a better
performance in comparison with Al and Al + Ti coated and diffusion annealed specimens.
The high nitrogen-containing alloy (0.56 wt.-% N) showed better scale resistance.

(b) Ti-Pd Intermetallics on Titanium for Nitric Acid Service
Ti-Pd coating was prepared by PVD of palladium over titanium substrate followed by

diffusion annealing. The formation of intermetallic phases like PdTi, Pd2Ti, Pd3Ti, Pd3Ti2,
and PdsTis have been observed in the diffusion annealed specimens. Electrochemical
investigation in nitric acid medium indicated the beneficial cathodic alloying effects of
palladium on corrosion resistance.

(c) Microbial Corrosion Studies
Adhesion of bacterial cells of the species Pseudomonas aeruginosa was studied by

exposing solution annealed and sensitised (at 898 K for 24 h) coupons in a suspension of the
bacterial cells in phosphate buffer. The studies have shown that adhesion of bacterial cells on
sensitised stainless steel is more irrespective of the bacterial medium used for adhesion This is
attributed to the increased release of iron from the sensitised surfaces owing to its high
susceptibility to corrosion at the chromium-depleted grain boundaries. Pseudomonas
aeruginosa requires ferrous ions for its metabolic activities.

Studies on microbial adhesion were carried out on titanium, and surface modified with
oxide films of different thickness in order to reduce bio-fouling. Oxide films of various
thickness (20-80 nm) were produced by electrolytic oxidation in phosphoric acid solution.
These specimens were then exposed to reservoir water (filtered with 0.8 um filter paper to
remove macro algae) containing 1% glucose as additional nutrient. The specimens were
withdrawn after short term and long term exposures up to 10 days. Post exposure evaluation
was carried out by staining the surface with acidine orange and observing it in an
epifiuorescence microscope. The results showed a reduction in attachment of bacteria and
micro algae with increasing thickness of the oxide.

(d) Influence of Microstructure on the Hydrogen Permeability, Diffusivity and Solubility in
Modified 9Cr-lMo Steel
Using electrochemical permeation technique, hydrogen permeability, diffusivity and

solubility were determined for 9Cr-lMo steel with various microstructures obtained by
various heat treatments. Hydrogen permeability varied between 0.13 to 1.6 x 10"12 moles/cm.s
and apparent diffusivity was of the order of 2.57 to 6.82 x 10"8 cm2/s. The solubility varied
between 0.27 to 5.41 x 10"5 mol/cm3. These values when compared with those of plain 9Cr-
lMo steel indicate that the permeability and apparent diffusivity were of the same order as
that of plain 9Cr-lMo steel whereas solubility is an order of magnitude less.



(e) Intergranular Corrosion Testing of Nitrogen Containing 316 SS
Long time thermally aged and prior deformed stainless steels containing 0.043 wt.-%

and 0.075 wt.-% nitrogen showed failure when tested as per ASTM A262 Practice E whereas
Electrochemical PR test showed very low charge values (instead of expected high values). It
was subsequently confirmed that the failure was due to brittle phases formed on ageing and
not because of intergranular attack.

4.5.7 Physical Metallurgy and Thermodynamic Studies

(a) High Temperature Stability of Sm.2Ru2Oy
It is well known that the biologically hazardous fission product Ru escapes from the

fuel as RuO4(g) due to oxidative volatilisation during reactor accidents. There is an on-going
programme for identifying materials that could hot trap RuO4(g) and for assessing the
retentivity of Ru within the fuel matrix itself as inter oxides with alkaline earth/rare earth
fission products. As a part of this project, the vapour pressure, p of RuO^g) over the
coexisting mixture Sm2O3/Sm2Ru2O7 was determined over the range 1231 to 1483 K by
employing a thermo-balance based transpiration technique. The vapour pressure so measured
(in pure oxygen as carrier gas) could be represented as:

log(p/Pa) ± 0.5 = 2.216 - 2366/T(K).
Combining this expression with the earlier results on the volatilisation of RuC>2(s), the
standard Gibbs energy of formation of Sn^RuaO? at 1200 K could be calculated to be -15
kJ.mol"1. To evaluate the accuracy of this data, oxide electrolyte galvanic cell measurements
were carried out on Sm2Ru2O7/Sni2O3/Ru with air/Pt as the reference electrode over an
overlapping temperature range which yielded a value of -11.2 kJmol"1 at 1200 K in good
agreement with -15 kJmoi"1 from transpiration. Arranging various alkaline earth/rare earth
oxide mixtures in the decreasing order of the stability of the inter-oxides (per RuC^) in terms
of the Gibbs energy data at 1200 K, the ability to hot trap RuC>4 should also decrease in the
order given by SrO/Sr2RuO4 > Sr2Ru04/Sr3Ru2O7 > Sr3Ru2O7/SrRuO3 > CaO/CaRuO3 >
Sm2O3/Sm2Ru2O7 > Cs2O(l)/Cs2RuO3. Thus, SrO should be the best material for hot trapping
of RuC>4 from the group of ruthenates so far studied.

(b) Synthesis of Dense Urania-Ceria Solid Solutions for Fuel Simulation Studies
After a comparative experimental evaluation of various gelation processes, an internal

gelation method was found to be the most efficient one for the lower temperature synthesis of
urania-ceria solid solutions. The as-prepared gel product was found to be nano-crystalline
with the particle size of the order of 2-3 nm by TEM whereas the grain size of the product
sintered to 97 % theoretical density at 1373 K was of the order of 60 nm. These solid
solutions would be useful to elucidate phase segregation by X-ray diffraction and valency
behaviour by photoelectron spectroscopy in an attempt to simulate the U-Pu-0 solid
solutions.

(c) Pulsed Plasma Nitriding of Chromium Plated Austenitic Stainless Steels
Pulsed plasma nitriding behaviour of chromium plated type 316 austenitic stainless

steels in the temperature range 823-1273 K has been studied. The nitriding temperature time
and gas compositions were varied in order to obtain optimised process parameters. The results
of our experiments indicate that case depths in the range 5-40 um in the temperature range
823-1273 are obtainable. The hardness of the case depths were in the range 600-1400 HV. It



is noted that the best case depth and hardness were achievable in intermediate temperatures of
the order of 973 K. A detailed examination of the phases responsible for the hardness has
revealed that a mixture of CrN and &2N to be most effective. These phases were stable up to
the temperature of 1273K. In addition to the case depth the kinetics of growth of the layer, as
well as diffusion coefficients of nitrogen have also been evaluated. It is found that the
activation energy for nitrogen diffusion was -140 kJ/mole.

(d) Study of Carbon Diffusion in the Dissimilar Welds ofCr-Mo Steels
The microstructural stability and micro-chemical redistribution in dissimilar weldments

between 9Cr-lMo and 2.25Cr-lMo ferritic steels during various post weld heat treatments
have been studied by electron probe micro-analysis and other microscopic techniques. The
weldments were subjected to post weld treatments at 1023 K for various durations ranging
between 1 and 15 h. This exposure to high temperature resulted in the formation of a soft zone
on the low chromium side and a carbide-rich hard zone adjoining the soft zone on the higher
chromium side of the weldment. The width of these zones as reflected in the hardness values
was influenced by the time of exposure. It was observed that the width of the soft zone
increased with increase in the duration of the heat treatment, with a consequent decrease in
the hardness values. Correlation between the observed microstructures and the distribution of
elements across the fusion line was carried out. Preliminary investigations show that
migration of carbon from the low-chromium steel to the high-chromium side is responsible
for the formation of the soft and the hard zones. The driving force for the migration is
provided by the gradient in carbon activity between the two steels.

(e) Characterisation of Microstructure in Weldments of Modified 9Cr-lMo Steel
The characterisation of microstructure in the gas tungsten arc weldments of modified

9Cr-lMo steel was carried out both in the as welded state and post weld heat treated state.
Identification of distinct zones based on microstructural variation arising due to different
thermal cycles was carried out by detailed cross section electron microscopy. The kinetics and
mechanism of the tempering process of the weld was also studied. The kinetics of the process
was evaluated by the Arrhenius analysis of the recovery rate as a function of temperature.

(f) Positron Annihilation and Auger Electron Spectroscopy Studies on Alloy D9
Positron lifetime studies as a function of isochronal annealing temperature have been

carried out on 20% cold-worked D9 alloys containing different Ti/C ratios. Lifetime
sensitivity to positron trapping at misfit dislocations associated with the formation of TiC
precipitates in austenitic matrix, has been used to monitor the stability and growth of these
precipitates. It is found that the onset of TiC precipitation occurs at a lower temperature (770
K) for Ti/C of 6, as compared to 4 and 8. Maximum TiC precipitation occurs for the alloy
with Ti/C of 6 while specimens with Ti/C = 4 and 8 show reduced precipitation behaviour. It
is hence concluded that the ratio of Ti/C = 6 is the optimal composition for maximum
precipitation hardening in D9.

So as to complement the above studies with chemical characterisation, Auger electron
spectroscopy (AES) studies have been carried out on D9 alloys with different Ti/C ratios.
Cylindrical mirror analyser based electron spectrometer with an energy resolution of 0.45%
was used for these measurements. Virgin samples revealed dominant oxygen and carbon
Auger peaks along with Fe and Cr peaks. Upon sputtering these samples, Auger peaks due to
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other elements were seen clearly. Elemental surface segregation upon in-situ heating at 1000
K for 1 min was studied for these samples. It was found that S, P, Si and Ti preferentially
segregate to surface. Detailed studies for a systematic understanding of these features are in
progress.

4.6 Irradiation, Post-Irradiation Examination and Non-Destructive Evaluation

4.6.1 Irradiation Creep Testing of PHWR Zircaloy

Thirty pressurised capsules of Zircaloy-2 and Zr-2.5% Nb alloy which were irradiated
in FBTR were dismantled and examined. Diameter measurement on these pressurised
capsules is being carried out using a specially designed measuring jig. Extensive trials were
carried out earlier to correlate the measurements made using the jig on unirradiated
pressurised capsules to the measurements made manually using a digital micrometer. A good
match was obtained between these two measurements.

Out-of-pile experiments were also carried out to determine the thermal creep rate of
zirconium alloys, using pressurised capsules. In these experiments, pressurised capsules made
of Zircaloy-2 and Zr-2.5 % Nb alloy were encapsulated in quartz tubes, with low pressure
argon environment around the pressurised capsules, and were subjected to a temperature of
613 K in an electrical furnace for a total period of 1935 h in five campaigns. Dimensions of
the pressurised capsules were measured after each campaign. The results of the experimental
work indicate that the steady state creep rate of cold worked Zircaloy-2 pressurised capsules
is 0.592 x 10'6 /h at a stress of 109 MPa and temperature of 613 K; and it is 12.76 x 10"6 /h at
a stress of 140 MPa and temperature of 613 K. in cold worked Zr-2.5% Nb pressurised
capsules. The results obtained are comparable to the results reported in the published
literature and will be used in conjunction with the results obtained from the irradiation
experiments to determine the component of creep caused by irradiation.

4.6.2 Post-Irradiation Examination of FBTR fuel

PIE has been carried out on a fuel SA discharged from FBTR after nearly 50,000
MWd/t burn-up, to assess its performance and to evaluate the possibility of enhancing the
burn-up. This SA of Mark I fuel (70% PuC:30% UC) has been in the reactor for 14 years.

The various examinations/operations carried out on the fuel SA in the hot cells are
visual examination, temperature measurement, sodium cleaning in alcohol, dimensional
measurement, and dismantling. Examinations carried out on selected fuel pins are temperature
measurements, visual examination, dimensional measurements, eddy current testing, X-
radiography, metallography, micro hardness testing and fission gas extraction and analysis.

No abnormalities have been observed in the dimensional measurements of the SA and
the fuel pins. The head-to-foot misalignment of the SA was within 0.8mm. The width-across-
flat of the hexcan was found to have no significant dilation beyond the fabrication tolerance of
0.2mm. Diameters of the selected fuel pins measured with an accuracy of ± 2 ^m showed that
the variation in diameter were within 0.025mm.



Examinations such as eddy current testing, radiography, metallography etc. indicated
that the fuel and clad has performed well. Radiographic examination indicated an average
increase in fuel stack length of the order of 1.44%. Metallographic examination indicated that
restructuring of fuel has not taken place. Estimation of fuel-clad gap from the
photomicrographs of cut sections of fuel pins using image analysis indicated 1.77% increase
in diameter of fuel due to swelling, reasonably correlating the above results. Considering the
upper bound value of 1.77% obtained from metallography as an estimate for linear swelling,
the volumetric swelling of the fuel works out to be about 5.3%, and the corresponding
swelling rate works out to be about 1% per atom percent burn up. This is very close to the
value of 1.2% per atom percent burn up estimated earlier for fuel at a burn up of 25,000
MWd/t. Radial cracks in the fuel pellet and fuel-clad gaps are still present to accommodate
further swelling of fuel.

Micro-hardness measurements on the fuel-pin clad tube indicated that there is no
significant increase in hardness after irradiation. Fission gas was extracted from a fuel pin and
gamma spectrometric and mass spectrometric analyses were carried out. It is estimated that
the fission gas release from the fuel into the plenum is about 6%.

4.63 Micro-focal Radiography of Welds

As part of technology development, micro-focal radiography was carried out on 38 tube
to tube-sheet weld joints of reheater for PFBR. A 32-micron stainless steel (SS) wire placed
on the source side could be detected in all the cases. The welds were evaluated as per PFBR
specification. The result from the thulium radiography on about 11 joints were compared with
micro-focal radiography of the same joints. It was observed that micro-focal radiographs had
better contrast and sensitivity. While 50 micron pores could be easily detected in micro-focal
radiographs, in the case of thulium radiographs it was 250-300 microns.

A mock up qualification block with 21 weld joints was received from a manufacturer
for micro-focal radiography. Single wall single image (SWSI) technique was adopted.
Porosity of the order of 0.1-0.6 mm was observed in all the welds. Twelve welds were
accepted and nine were rejected due to clustered pores. The micro-focal radiography unit was
shifted and installed at the manufacturer's site to carry out radiography of weld qualification
block with seventeen tubes. 11 joints were found to be acceptable.

4.6.4 Silicone Replica Technique and Videoimagescopy

For determining the internal concavity and convexity of the tube to tube-sheet weld
joints both replication technique and videoimagescopy were adopted. Silicon replicas of 24
tube to tube-sheet weld joints of PFBR reheater were taken by horizontal injection technique.
The concavity was found to be within 350 Jim and convexity within 20 jum. The concavity
and convexity measurement were also taken using a method developed based on the
principles of geometrical optics using the videoimagescope. Comparison of the results from
both methods indicate very good correlation between the two (± 60 ym for internal concavity
and ± 40 um for internal convexity). Silicon replicas of ten qualification welds of SG of
SGTF were taken. Internal concavity value was found to exceed 0.2 mm in three of the welds.



4.6.5 In-service Inspection of Secondary Sodium System Weld Joints ofFBTR

Ultrasonic testing of six weld joints ofFBTR secondary sodium system was carried out
as per the ASME section XI procedure. The ultrasonics equipment was calibrated using SS
pipes of same diameter and wall thickness and having artificial defects (notches) of 10% wall
thickness and then the FBTR weld joints were tested. One of the weld joints showed a defect
indication of 40% echo amplitude on the inner surface and the length of the defect is around
20 mm. This defect which was detected during the ISI carried out in 1995 did not indicate any
increase in the defect dimension during the past 5 years of operation. A new defect indication
of around 3mm length was observed at the ID surface in the heat-affected zone of the same
weld joint. In the other five weld joints tested, no defect indications equal to or greater than
the reference defect standard was observed. In-situ metallography was carried out on the outer
surface of the heat affected zone at the location of the weld joint showing the defect indication
by ultrasonic testing. This in-situ metallography did not indicate sensitisation of in the
material at this region.

4.6.6 Failure Analysis of Dissimilar Weld Joints of Thermo-Well Boss in FBTR Steam
Generator

SG modules of Fast Breeder Test Reactor (FBTR) are provided with Resistance type
Temperature Detectors (RTDs) for measurement of steam temperature. There are 8 such
RTDs in each module. They were screwed to thermo-wells, which in turn were screwed and
seal welded to half couplings (boss) in steam header. During the water service of the steam
generator, a leak was noticed at one of the seal weld joints between the thermo-well and the
boss. The thermo-well with a part of the boss was cut and removed from the header of the SG
module and was subjected to failure analysis. Fluorescent Liquid Penetrant Testing (FLPT)
carried out on the failed weld joint confirmed the presence of leak at one location. This
indicated that the leakage had occurred only during service since LPT carried out immediately
after the fabrication of weld joint did not reveal any discontinuity. Metallography studies
indicated that the crack was present along the fusion line in the root and crown regions. The
initiation of the crack was observed to be from the root of the weld and then the crack had
propagated into the HAZ of the ferritic steel at the middle portion of the weld. Branching of
the main crack was also noticed in the ferritic steel region (middle portion of the weld). A
dilution layer was clearly visible in the weld metal adjacent to the fusion line. The residual
stresses present in the dissimilar weld joint and the cyclic stresses produced in the HAZ of
ferritic steel during the high temperature service, because of the differences in the coefficients
of thermal expansion of the ferritic steel (one of the base metal) and the weld metal would
have caused the cracking along/adjacent to the fusion line and also in the HAZ of the ferritic
steel. Suitable heat treatment to relive residual stresses has been recommended to prevent
recurrence of such failures.

4.6.7 Microstructural Damage/Structural Integrity - Assessment of Control Plug Mock-ups

For validating the life prediction calculations of the control plug (CP), thermal shocks
and creep-fatigue damages were simulated in two CP mock-ups. The mock-ups made up of
AISI type SS 316 LN, were subjected to non-destructive microstructural damage assessment.
The microstructures showed that, both CPs were heavily damaged. The CP-2 (thermal shock
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from 1003 K) was more extensively damaged as compared to CP-1 (thermal shock from 923
K). In both the CPs, wedge cracks, oriented creep cavities and thick/coarsened grain
boundaries were observed. Predominantly, creep damage is observed.

4.6.8 NDE of Sodium Exposed Stainless Steels

Sodium exposed AISI type 304 ss specimens were examined for microstructures and
micro-chemical analysis of the depleted layers using scanning electron microscopy and
energy dispersive analysis of X-rays (EDAX). Specimens exposed to very long durations (10s

h) have also been studied. The thickness of the sodium-affected layer of the above specimens
calculated using Thorley and Tyzack model were found to be much less than the actual layer
width observed experimentally due to sodium exposure. Alloys without molybdenum (AISI
type 304 SS) develop porosities due to high temperature and long duration of exposure in
sodium. The AISI type 316 Stainless Steel coupons exposed to sodium at 873 K and 973 K
for various durations were analysed using eddy current technique (frequency range 50-500
kHz). Average eddy current (arbitrary units) increases with increase in exposure time and
temperature (with increase in the thickness of the depleted layer).

4.6.9 Eddy Current Testing of Steam Generator Tubes ofPFBR

As part of the quality control procedure, the modified 9Cr-lMo steel tubes of PFBR
steam generators were examined using eddy current testing. The DC coil unit required for
saturation magnetisation, encircling differential EC probes, and calibration standard tubes
with reference defects were designed and developed. After systematic optimisation of the EC
test procedure, a total of 330 tubes of 38.1 mm outer diameter and 2.6 mm wall thickness
were examined and defective portions were marked.

4.7 Chemistry

4.7. / FBTR Fuel Dissolution

In order to understand the dissolution behaviour of irradiated mixed carbide fuel of
FBTR, test experiments were carried out with cut portion of a fuel pin without clad,
discharged from FBTR, after a burn up of 25,000 MWd/t. In order to carry out well controlled
experiments, the programme was taken up in a glove box suitably modified to handle the
highly radioactive fuel material. The dissolution set up was first qualified by dissolving a
uranium carbide pellet and later, with un-irradiated uranium-plutonium mixed carbide pellets.
These trial runs, which indicated quantitative dissolution, also enabled to standardise the
sampling and analysis procedures. Subsequent to the trial runs, the irradiated fuel was dissolved
and the analytical data indicated that fuel dissolution was complete.

4.7.2 Fission Gas Analysis

A fission gas analysis set up has been fabricated and mock-up operations with dummy
fuel pins have been successfully carried out. The analysis procedures involve puncturing the
fuel pin in a hot cell, collection of the gas in pre-calibrated glass bottle and subsequent
analysis by using quadropole mass spectrometer. Analysis for He served to estimate the



extraction efficiency of the set-up employed to puncture the fuel-pin and collect the fission
gas. Amounts of Kr and Xe obtained showed that only ~ 5 to 6 per cent of that generated in
fissions corresponding to 50000 MWd/t got released into the plenum. Extensive pressure
calibrations were performed with Kr, Xe and He of known pressures to obtain reliable
estimate of fission gas release.

4.7.3 Failed Fuel Identification

Based on the experiments conducted earlier for the testing of the cover gas purification
system for PFBR, a technique to separate Xe and Kr from cover gas using activated charcoal
has been used to devise method to determine the age of the failed fuel. This method is
currently being applied to FBTR and will utilise both gamma spectrometry as well as
quadropole mass spectrometry.

4.7.4 Thermochemical Studies

Thermodynamic measurements were carried out on lanthanum and cerium carbides.
Dysprosium titanate and gadolinium titanate were prepared by ceramic route as well as wet
chemical route and characterised by XRD. A programme of measurements of the oxygen
potential of U-PuC>2 has been initiated and the measurements on a typical PFBR fuel
composition is nearing completion.

In the area concerning vaporization behavior of hypo-stoichiometric (U,Pu)O2 as a
function of Pu-fraction, the existence and implications of three O/M ratios corresponding to
vapor pressure minimum, and to the two quasi congruently vaporizing compositions
representing the equalities (0/M)vapor = (O/M)MOX and (Pu/M)vapor = (Pu/M)Mox are not fully
understood. It was sought to obtain this understanding by performing calculations. The phase
U(i-y)PuyOz was treated as an ideal solid solution of (l-y)UO2 + y PuO(2.X) such that x = (2-
z)/y. Oxygen potentials, from the model developed here previously, for different desired
values of y, z, and temperature were used as the primary input to calculate the corresponding
partial pressures of various O-, U-, and Pu-bearing gaseous species. The above mentioned
three apparently stationery points were deduced for different values of y. Continuous
vaporization of this system under dynamic conditions presents interesting possibilities: either
a congruently vaporizing UO2 phase or PuO2 phase might be obtained depending on the initial
O/M of the fuel; only one of these binary phases might be obtained regardless of the initial
O/M; a congruently vaporizing ternary phase might be obtained. Experimental evidence to
confirm or refute that only one among these possibilities can actually occur is at present
lacking, and experiments are proposed.

Study of ternary systems of tellurium and oxygen with metallic constituents of SS is of
great relevance to FBR programs, especially that involve use of mixed-oxide fuel. The
telluride of manganese being the most stable among the tellurides of SS components, it was
chosen to study the vaporization thermodynamics concerning the ternary Mn-Te-0 system.
The investigation consisted of identifying the three-phase regions around the 1:1 compound
along the Mn0-TeO2 pseudo binary line, investigating their vaporization behavior, and
determining the thermodynamic quantities of the ternary phases from extensive vapor
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pressure measurements. Interesting vaporization chemistry caused by Te(IV)-to-Te(VI)
conversion and adjustment of stoichiometries was also discerned from these studies.

4.7.5 Solution Chemistry

As a preliminary step to the study of radiation degradation of dissolver solvents, the
standardisation for a gas chromatographic procedure for assaying trialkyl phosphates such as
TBP, TIBP and TAP has been completed and the conditions optimized. The macroporous
bifunctional phosphinic acid resin (MPBPA) was modified by converting -POH group into
-POCH3 group by methylation and the extraction of uranium and iron by the modified resin
was studied at various nitric acid concentrations. The extraction and third phase formation
behaviour of uranium and thorium by tricyclohexyl phosphate in different diluents were also
studied.

4.7.6 Fuel Thermal Conductivity

Thermal diffusivity of the mixed uranium-plutonium oxide fuels with plutonium
fractions of 0.21, 0.28 and 0.40 was measured using the laser flash method. Combining this
information with the heat capacity data deduced from Kopp's law the thermal conductivity
was obtained in the temperature range from 673 to 1473 K. Thermal conductivity was found
to decrease with increase in temperature as well as plutonium content. Thermal diffusivity of
D9 steel was also measured as a function of temperature from 673 to 1273K. The D9 steel
was found to be similar to normal SS in thermal diffusivity behaviour.

4.7.7 Boron Carbide Analysis

Boron carbide used in absorber rods has to be precisely characterised for chemical
composition. For this, a sodium carbonate fusion method, to bring the boron carbide into
solution, was standardised using known amount of boric acid (AR grade). The boron content
was determined by potentiometric titration against an alkali. The silicon in the same solution
could be determined using spectrophotometry. The samples were found to contain boron in
the range 77.20%-77.60%. Silicon was found to be in the range 1170 ppm to 2500 ppm.

4.7.8 Hydrogen Sensor

A polymer electrolyte membrane fuel cell based amperometric hydrogen sensor that
operates at room temperature has been developed. The electrolyte used in the sensor is
PVA/H3PO4 blend, which is a proton conducting solid polymer electrolyte. A thin film of
palladium is used as anode and Platinum supported on carbon as cathode. The sensor
functions as a fuel cell, H2/Pd//PVA-H3PCV/pt/O2 and the short circuit current is found to be
linearly related to the hydrogen concentration. This sensor is being tested for monitoring the
hydrogen in fast reactor cover gas circuits and its long term behaviour.



4.8 Fast Reactor Fuel Reprocessing

4.8.1 Reprocessing of FBTR Fuel

A process demonstration plant for reprocessing FBTR fuel to recover Pu and U
namely, Lead Mini Cell (LMC) is at an advanced stage of construction (Fig. 31). This plant
can process up to 1 kg/week of irradiated fuel. The process adopted is based on modified
Purex process with 30% TBP in an alkane diluent as solvent. Some of the features of this
plant are:

• PLC controlled remotely operated single pin chopper (Fig. 32).
• Titanium electrolytic dissolver for the electrolytic oxidative dissolution.
• Air turbine driven centrifuge for feed clarification.
• 16 stage centrifugal extractor bank with each stage driven by electric motor (Fig. 33).
• Remote sampling system.

PLC interlocks for liquid transfers and a data acquisition system are also provided.

The dissolution of irradiated FBTR fuel of 25,000 MWd/t burn up has been already
demonstrated in the hot cell and all the equipment and systems have undergone rigorous
testing.

Fig. 32 Single Pin Chopper

Fig. 31. Cell piping in progress Fig. 33. Centrifugal Extractor
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4.8.2 Fast Reactor Fuel Reprocessing Plant

The construction of a plant namely, FRFRP, for the regular reprocessing of FBTR fuel
is in progress. Construction of concrete cells, major vessels fabrication, air conditioning and
ventilation were completed. Contracts for erection of process vessels and piping have been
awarded. This plant will process upto 2 kg/d of FBTR fuel. Some of the design and critical
equipment performance and operation experiences will be obtained from the LMC.

4.8.3 R &D activities

The following models for the extraction system were developed and proposed:
• A new model for Pu (III) distribution in a nitric' acid-water-30% TBP/n-dodecane

biphasic system in the presence of U(VI), U(IV), Pu(IV), macro level Pu(III) and
hydrazine nitrate. *

• Predictive models for distribution coefficients of selected fission products (Y, La, Ce, Nb
and Eu) in Purex solvent extraction system of 30% TBP/diluent.

• Model for the distribution coefficients of n-butyraldehyde in 30%TBP/n-dodecane.
• An improved model for Au(CN)2 extraction by a mixture consisting of a primary amine

(Primene JMT) and phosphine oxide (Cyanex-925). This extraction is non-nuclear but
the modeling could be directly applied to mixed solvent extraction in the nuclear area.

Modeling of the liquid-density work was extended to cover the pure liquids of interest
to spent nuclear fuel reprocessing - TBP and n-dodecane. In addition, pure liquid densities of
C6-C16 n-alkanes were also modeled and results were found to be better than the earlier
reported correlations.

Mean molar activity coefficient of nitric acid was re-modeled and an empirical model
was reported in the 0-200 molar concentration ranges at 298.2K. It may be noted that the
upper limit of established models in the chemical engineering literature is only 28 molar for
the aqueous nitric acid solutions.

Work on the salt effect models for the third phase formation in the nuclear solvent
extraction systems was consolidated and models were reported for the solubility at standard
conditions as well as for its temperature dependence. The systems studied were: U(VI) third
phase in BESO/Dodecane and effect of non-extracting solutes and phase modifiers, Pu(IV)
third phase in 30% TBP/diluent system as well in presence of U(VI) in the organic phase,
Pu(IV) third phase in 20% TBP/diluent system and its temperature dependence, Th(IV) third
phase in 30% TBP/diluent system and its temperature dependence and U(IV) third phase in
30% TBP/dodecane.
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