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ABSTRACT

The energy scenario and economic conditions in India are presented. India needs
considerable energy for its rapid industrialisation with the liberal economic policy. Nuclear
energy with FBR is the only large scale energy resource other than coal, available in the
country. The present economic constraints have delayed the construction of new NPPs. The
performance of operating reactors has improved considerably during the year. Operating
experience ofFBTR has been detailed particularly the reactivity incident and its investigations.
Updated design of 500 MWe PFBR is presented. Various R&D works in support^FBR in the
engineering, metallurgy, chemistry, reprocessing, safety etc. are detailed out.

1.0 BACKGROUND

India has a population of about 900 million which is currently growing at an annual rate
of about 2%, and is expected to cross the billion mark by the turn of the century. India supports
16% world's population on 2.3% of land area. Traditional biomass fuels such as firewood,
agricultural and animal wastes, about 250 million tonnes a year, provide about 40% of total
energy needs. Coal provides 40% of total energy requirements. Remaining 20% is contributed
by oil, gas, hydro, nuclear, solar, wind etc. The percapita average consumption of electricity
is very low, only 420 kWh per annum. About one-fourth of the total power generated is
consumed in the rural areas, even though they constitute three-fourths of the population. 85%
of the villages are deemed to have been electrified, but only about 28% of the households use
electricity. 71 million rural households still do not use electricity. About 86,000 villages, in the
remote areas, are yet to be electrified.

The year 1996 was a one of mixed fortunes on different fronts. On the economic front
the country continued to maintain steady growth. GDP growth was sustained at 6.2%. The
industrial production continued to rise at 12%. The export boom continued with growth of 24%.
Though the import also grew at 29%, the deficit was restricted to 1.5% of GDP. The inflation
was brought down this year below 5%. The rupee value which fell for a short while raising
alarms rallied later to stabilise. Forex reserves continue to be good, touching 21 billion dollars.
However, the liberalised economic reforms have not helped on the electrical energy front. The
total electrical energy capacity addition during the current eighth five year plan (1992-97) will
be less than that added during the seventh five year plan. This has happened because government
financing for power sector did not go up while the much sought after private investment in power
sector is going through a gestation period. Here again, there does not seem to be a clear-cut
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policy over sector-wise growth. The need of the country is power source to bridge the peak
demand for which the hydro power is the best suited while the private investment is totally fossil
fuel based. Another area of concern is revamping and expanding the transmission and
distribution system.

Total installed electricity generation capacity is 83.3 GWe at the end of March 1996. Out
of this, 60.1 GWe is thermal, 21 GWe is hydro and 2.2 GWe is nuclear. Capacity addition during
last year was only 2120 MWe. Total electricity generated by the utilities during the year was
379.3 TWh, working out to a load factor of about 51%. Sectorwise electricity generation during
1995-96 is given below :

• Fossil Fuel - 299.5 TWh

• Hydro
• Nuclear

Total

072.4
007.9

379.8

TWh
TWh

TWh

Coal based
Lignite based
Gas based
Oil fired
Multi fuel

250.2
012.9
025.8
001.6
009.0

TWh
TWh
TWh
TWh
TWh

Construction works of 4 x 220 MWe PHWRs are nearing completion and are planned to
be commissioned during 1998-99. Financial sanctions for additional 220 and 500 MWe PHWRs
could not be obtained due to paucity of funds. Construction of the 100 tpa capacity Kalpakkam
Reprocessing Plant (KARP) is completed and cold commissioning trials were started by end
March 96. Regular operation is expected to start by Dec 96.

There is a bright outlook for wind energy and 366 MWe was added last year making up
to a total of 733 MWe. Solar energy is also being pursued vigorously. Solar heaters and
photovoltaics are being popularised for various domestic applications and irrigation in remote
areas. An ambitious capacity addition is being planned for the coming years to raise the total
capacity to around 400 GWe by A.D.2020. This requires rate of addition of 9 GWe/a during the
next ninth five year plan , 12 GWe/a in the tenth plan and 15 GWe/a in the later period. Apart
from financial resource mobilisation, the planning requires considerations of energy security and
diversity. Nuclear energy continues to be recognised as one of the main sources of power for
the country. The cut in government funding has affected addition of new capacity over past few
years; but a major thrust in the nuclear energy front is bound to come sooner than later. The lull
in the current period is being utilised by the Department of Atomic Energy to consolidate on the
technology front and improve the load factors and safety of the operating plants. The present
target for nuclear energy is 20 GWe by 2020 A.D.

Electricity generated in 1995 by nuclear plants increased substantially, inspite of no
additional capacity and RAPS not being available during the year, to 7.98 TWh from 5.6 TWh
last year, an increase of 40 %. Except for TAPS 2 and MAPS 2, an average load factor of 70 %
has been achieved in all the other reactors. The performance figures for the reactors are shown
in the following table.
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Out of the 20 GWe capacity planned for 2020 A D from nuclear energy, 2.5 GWe is
proposed to be from 5 x 500 MWe FBR. Towards this end, early commissioning of the 500
MWe Prototype Fast Breeder Reactor (PFBR) is sought so that after evaluating the performance
of PFBR for a few years, 4 more 500 MWe reactors of same design could be commissioned by
2020. The present plan is to start construction of PFBR by 1998.

OPERATING PERFORMANCE OF NPP 1995-96

Unit

TAPS-1

TAPS-2

RAPS-1

RAPS-2

MAPS-1

MAPS-2

NAPS-1

NAPS-2

KAPS-1

KAPS-2

Total/
average

Generation (TWh)

Target

0.960

0.680

Actual

1.108

0.445*

Availability
factor (%)

90.14

35.60

Capacity
factor (%)

78.89

31.65

shutdown for rectification of PRD on calendria

shutdown for replacement of coolant channel

0.905

0.995

1.222

1.226

1.225

0.737

7.950

1.136

0.274*

1.295

1.457

1.115

1.152**

7.982

79.59

08.79

75.31

81.07

73.47

84.70

67.33

76.07

18.38

66.99

75.40

57.07

70.02

60.00

**

Shortages in target are on account of longer shutdowns required for regulatory inspection.

KAPS-2 commenced operation from 1.9.1995. The figure includes 0.365 TWh generated
during the infirm power period.

2.0 FAST BREEDER TEST REACTOR (FBTR)

FBTR is a 40 MWt/13.2 MWe, mixed carbide fuelled, sodium cooled, loop type reactor.
It has been provided with two once- through serpentine type Steam Generators (SG) in each of
the two secondary loops. The reactor has 100% steam dump capacity, in order to continue
reactor operation when Turbine Generator (TG) is not available. The reactor achieved its first
criticality in Oct'85. Since then it is operated at various power levels in stages upto 10.5 MWt.
The small carbide core with 25 fuel subassemblies (Fig 1) has been licensed to operate upto 10.5
MWt with a peak 320 W/cm linear heat rating of fuel. Commissioning of TG was started in
March 96.
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2.1 Reactivity Incidents

In Nov"94, when the reactor was operating at 10.1 MWt, power was found to be slowly
increasing. Though the control rods were lowered one by one, the power continued to rise and
reached 10.4 MWt in about a minute. The control rods were cumulatively lowered by 7.6 mm
and the power was brought down to 10.1 MWt. The reactivity meter registered a spike of 3 pcm
during the incident. Reactivity before and after the incident did not reveal any measurable
permanent reactivity gain.

In April'95, during a startup, when the reactor was at 7.1 MWt, power increased sharply
by 450 KWt in 7 s (Fig 2). No control rod movement was made at this time. Reactor underwent
a scram on high positive reactivity and the recorder indicated a spike of+10 pcm. Criticality
measurements before and immediately after the incident revealed a reactivity gain of about 24
pcm. However, a reduction of this value to 14 pcm was observed upon subsequent
measurements. The measurement error itself is of the order of ± 10 pcm.

19 postulates were studied to find out the probable cause for the transient and 13 of them
were tested during reactor operation at low power as well as at high power.

a. Primary sodium flow change(test done at 9.5 MWt): When the primary sodium flow
was increased by 4%, the power went up by about 100 KWt and came down by the same amount
when the flow was restored to the original value. Changes in sodium flow, inlet & outlet
temperatures were observed on recorders during the test, but no such change was observed
during the transient. A flow increase of about 17% is required to cause similar transient and is
very unlikely.

b. Secondary sodium flow change(test done at 9.5 MWt): When speed of one of the
secondary pumps was increased by 9.5%, the power went up by 350 KWt and then came down
when the pump speed was lowered. The flow changes were perceptible on the flow recorder. The
recorders response to fast changes in speed were also confirmed. However, there was no flow
variation recorded during the transients and hence this postulate was ruled out.

c. Feed water flow change(test done at 9.5 MWt): When feed water flow increased by
13.4%, power started raising after about 90 s and a net increase of 200 KWt was recorded 200s
after the perturbation. Flow variation and a dip in steam temperature were observed on recorders
during the test. During the transients, no changes in feed water flow & steam temperature were
observed.

d. Steam pressure change(test done at 9.8 MWt): The change in steam pressure from
114.7 kg/sq.cm to 97.4 kg/sq.cm, resulted in flow increase, decrease in steam temperature & fall
in sodium inlet temperature and all were noticed on the recorders. Vernier power started going
up about 60 s after the drop of steam pressure and power started raising fast after about 5 min
upto 500 KWt. Combining this test with the test of feed water flow change, it may be inferred
that a power raise of 350 to 450 KWt warrants small fluctuations in steam pressure /feed water
flow to persist for more than 3.5 min and such changes are recordable. At the time of the
incidents, no abrupt change in the recorders of steam pressure, feed water flow, steam
temperature & primary sodium inlet temperature were observed.
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e. Operator error: Possibility of inadvertent raising of control rod by the operator was
studied. Calculations, tests and analysis revealed that it is unlikely that operator has raised the
control rods just before the incident.

f. Stuck contacts: Any contactor in the CRDM logic raising circuit getting stuck would
have resulted in continuous raising of control rod and the power profile in such a case would
have been steep and do not confirm to the profile during the transient.

g. Sodium voiding: If the reactor is operated with sodium in a subassembly boiling, the
sudden collapse of this void and immediate resumption of boiling can lead to a transient rise in
reactivity and power. For the transient of this order to occur, more than 16% of the volume in
a subassembly is required to boil and this should have resulted in scram by plugging detection
subroutine of central data processing system.

h. Argon entrainment: If the reactor is normally operated with 41 cc of gas continuously
present in the core, the exit of this gas from the core and its appearance can explain the transient.
This is possible by cover gas entrainment, if the operating level in IHX fluctuates about the safe
level. Several tests conducted with the IHX sodium level changes by ± 100 mm, revealed no
perceptible reactivity changes.

i. Geometrical deformation of core due to CCPM: It was postulated that the weight of
the CCPM, if resting on three subassemblies for the accurate measurement of outlet temperatures
of subassemblies would have resulted in slight geometric changes in core, which might have got
reversed during the transient. Experiment at 10 KWt revealed that a negative reactivity of 3 pcm
is added when CCPM rests on the core and reactivity become zero as soon as CCPM is lifted off
the SA heads. The experiment was repeated at 10 MWt, but no changes in reactivity were seen.
This could be due to the rigidity of the core when the buttons touch one another at high power.

j . Hydrogen from cover gas(He/Ar): For the reactivity to persist for a minute at the
sodium flow rate of 360 cu m/h, the quantity of H2 required works out to 255 gm. This again
works out to 9.2 ppm of H2 after full dissolution in primary sodium which would have resulted
in a plugging temperature of 290 deg C. Plugging temperature of primary sodium measured after
the incident was less than 105 deg C.

k. Hydrides from cold trap: To test this hypothesis, the cold point temperature of primary
cold trap was raised to 130 deg C and maintained for 12 h. No reactivity effects were seen. It
may be noted that the cold trap mainly traps oxides of sodium and hence hydride leaching from
the cold trap is a remote possibility.

I. Moderator ingress: A micro filter steel subassembly was loaded in the core and about
520 times the hold up of primary sodium was circulated through the subassembly to trap
sodium-oil reaction product (due to any oil ingress from sodium pump), if any, in the primary
sodium. The filtrate was analysed for carbon content and found to be very small (300 mg),
considered not adequate to cause the transient.

m. Hydride deposits from cover gas space: The ingress of hydride deposits from a pump
or IHX can cause a transient. However, the plugging temperature should have gone up to 290
deg C, as against the observed value of less than 105 deg C. The postulate was hence ruled out.
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n. Fuel restructuring: Any fuel restructuring leading to axial contraction can add positive
reactivity. The fuel had seen a max burnup of more than 13,000 MWd/t and average burnup of
more than 10,000 MWd/t at the time of the incidents. Gap closure due to initial restructuring by
pellet cracking should have been completed long back. Further closing of gap will come about
by fuel swelling, which is a slow process. The rate of closure averaged over a large number of
pellets in the core, is not expected to vary suddenly, due to the power distribution in the core.
Also since fuel swelling is an irreversible phenomenon, the resultant reactivity changes will be
permanent, which has not been observed.

o. Melting of source pin: Since antimony is a neutron absorber, the removal of antimony
from the core will lead to positive reactivity. Almost total inventory of all the pellets in source
pin has to melt, breach its double containment and get entrained in sodium for the transients of
this order to occur. Such a scenario leads to permanent reactivity gain and also the shut down
count rates before & after the transients do not give any indication of antimony loss.

p. Improper gripping of control rods: The possibility of reactivity change due to upward
movement of control rod relative to CRDM by improper gripping of control rods was checked
experimentally and it was confirmed that there was no anomaly in gripping of control rods which
could have caused the transient.

q. Sodium voiding in control rods: Detailed analysis revealed that sodium voiding by
helium generation and subsequent displacement by sodium has to take place simultaneously in
all six control rods for the transient to occur. This being highly improbable, was hence ruled out
as the cause for the transient.

r. Change in control rod & 25th S/A reactivity worths: Remeasurement of control rod
worths and the 25th fuel subassembly worth compared well with the earlier values.

s. Subcritical operation: Reactor was kept in subcritical state at 180° C and 400° C for
about two weeks under observation and no transient was observed.

The results of the various investigations carried out did not indicate the cause for the
transient. Since the transients had occurred during high power operation, it was decided to
operate the reactor after increasing the reactivity scram threshold (+ or - 30 pcm) and
augmenting the data acquisition system to gather sufficient data for analysis, if the incident
recurs. The reactor operated in Feb & Mar'96 at 10.5 MWt for about 600 h and the transient did
not recur.

2.2 Malfunctioning of CCPM

CCPM is a 6 m long, 82.5 mm diameter command tube with fixed and mobile core cover
plates at the bottom and is centrally located in control plug (Fig 3). The fixed cover plate houses
the thermowells for the 84 pairs of thermocouples and the mobile cover plate houses the sleeves
to direct the jet of sodium from the top of the subassemblies to the thermowells. The mobile
plate has three positions viz., fuel handling position (75 mm above the SA heads), normal
working position (15 mm above the SA heads) and bottom position (resting over the SA heads).
The up & down translation is done manually through a ball screw assembly. The primary and
secondary leak tight barriers are provided by SS and neoprene bellows respectively and the
interseal space between them is supplied with fresh argon.
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During normalisation of pile after fuel handling operations in July'95, it was observed
that CCPM could be lowered only upto 7 mm above the normal working position. Subsequently,
during one of the trials to check for the movement, CCPM got stuck at 6 mm above the fuel
handling position, while checking for the actuation of the top limit switch. Various
investigations were carried out. Ball screw assembly was dismantled and found to be in good
working condition. Leak testing of the interseal space was carried out and found that primary
metallic bellows is leaktight. The interspace between the bottom of the mobile cover plate and
the sub assembly heads was scanned using under sodium ultrasonic scanner and confirmed no
physical obstruction below CCPM. Based on safe load analysis, a jacking down force was
applied and CCPM got released from top position at 780 kg and lowered upto the normal
working position with progressively reducing force. Subsequently, movement of CCPM was
repeatedly checked for its entire travel and found to be smooth. The precise cause for the
malfunctioning of CCPM could not be found out and may be due to presence of foreign materials
(burr, chip etc) in the interseal space, where minimum radial gap is 1 mm.

2.3 Reactor Operation

During this period, sustained operation of reactor for 17 d at 10.5 MWt was achieved.
Operational run with 25 SA will be completed shortly.

Reactor operated in April '95, Feb. & March '96 and logged 962 h of operation, out of
which 600 h at high power (Fig 4). Reactor remained shut down for the remaining period for the
investigations of reactivity scram incident and the malfunctioning of CCPM. During this period,
reactor operated at low power intermittently for remeasurement of control rod worths, 25th fuel
subassembly worth etc and in subcritical state towards the investigation of the incident.

FBTR has logged 14212 h of cumulative operating time, out of which 2500 h has been
at high power. The fuel has seen a peak burn up of 20,400 MWd/t without any failure. (Burnup
22,500 MWd/t upto 19.4.96). During the year reactor tripped 8 times (4 scrams and 4 LORs) and
there were 2 forced manual shutdowns.

Major works like commissioning of new 3 cu m/h DM plant, connection &
commissioning of underground concrete channel for enhanced condenser cooling water return
flow from cooling tower, installation of fire stoppers at cable penetrations, RCB leak test, various
modification works for the improved performance of different systems, major preventive
maintenance works and surveillance activities were carried out during the shut down period.

Reactor operated at 10.5 MWt continuously for 17 d in March'96. The performance of
reactor systems, sodium systems, control rod drive mechanisms and other safety related systems
and auxiliary systems were generally satisfactory. The primary and secondary sodium purity
was maintained below the plugging temperature of 105 deg C. The four sodium pumps and their
drives are operating well and have logged 76750 h, 63440 h, 82230 h & 62000 h operation.

The heat transport parameters achieved during 10.5 MWt operation are as follows:

• Reactor inlet/outlet temperatures : 323/410 deg C
• Primary sodium flow through core : 374 cu.m/h
• Central FSA sodium outlet temperature : 470 deg C
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• Sodium temperature at SG inlet/outlet
• Secondary sodium flow (2 loops)
• Feed water temperature
• Feed water flow

Steam temperature
• Steam pressure

2.4 First rolling of TG

405/295 deg C
282 cu.m/h
185 deg C
15.5 t/h
400 deg C
118 kg/sq.cm

After completing all improvements including seal welding works for the main condenser,
vacuum pulling was carried out and a vacuum of 625 mm of Hg was obtained which was
adequate for rolling the turbine. Nuclear steam from the reactor was valved into the turbine for
the first time and the first rolling of turbine was achieved on 12.3.96. The turbine was rolled
upto 1680 rpm. Further commissioning of turbine upto the rated speed of 3000 rpm is in
progress.

3.0 PROTOTYPE FAST BREEDER REACTOR - DESIGN

3.1 Conceptual Design

3.1.1 Main options

Selection of main options for a large FBR power plant is an important phase of the
project as it gives a definite shape to it. The satisfactory plant operation depends on correct
selection of the concepts. The following main options have been decided for PFBR after the
cost reduction studies carried out during the last 2 years. Fig£ shows the flow sheet of PFBR.

• Power - 500 MWe
• Thermal power - 1250 MWt
• Type - Pool
• Number of PSP - 2
• Number of IHX - 4
• Number of sec loops - 2
• Number of SG - 8
• Number of TG - 1
• Na inlet temp to core - 670 K (397° C)
• Na outlet temp from core - 820 K (547° C)
• Water inlet to SG - 508 K (235° C)
• TSV condition - 763 K (490° C) , 16.6 MPa
• Fuel - PuO2-UO2

• Fuel pin diameter - 6.6 mm
• No of fuel pins/SA - 217
• Core height - 1 m
• Peak fuel burnup - 100;000MWd/t
• Core component handling - 2 rotatable plugs and 1 transfer arm
• Irradiated fuel storage - Ex-vessel storage in water
• Design life - 2xl05h(30y with 75% LF)
• Site - Kalpakkam
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3.1.2 Design bases

Various plant design data, viz. plant life, design basis events, safety classification, seismic
categorisation, applicable design and construction codes, computer codes, materials data and site
data have been compiled.

3.1.3 Core

The core plan is decided taking into account number of in-vessel storage locations and
additional shielding required for in-vessel transfer position. Static neutronics calculations for the
181 fuel subassembly 2 enrichment zones core are completed. Enrichment, neutron flux, power
distribution and danger coefficients are evaluated for beginning of cycle and for equilibrium
cycle.

The neutron irradiation dose (dpa) and helium production in grid plate and core cover
plate, inner vessel and main vessel (MV), effect of fuel pin failure of internal storage on the
sensitivity of DND system and neutron source and spectra in fresh and irradiated fuel assemblies
are completed.

Effect of reducing the number of blanket rows from 3 to 2 on the breeding, economics
and shielding is being studied.

A preliminary analysis with 'row-model1 for the dynamic response of core SA under SI
(OBE) seismic excitations indicates that the maximum peak to peak displacement of the fuel SA
is about 8 mm which is not of concern (Fig 8). 3 D analysis is in progress with an in-house code
'CORE-SEIS1.

3.1.4 Reactor assembly

The overall dimensions of reactor assembly components, particularly for the MV have
been worked out. The MV diameter is 12.9 m. Detailing out of individual components(shape
optimisation, thickness ) is in progress. Elastomer seals are opted in place of liquid metal seals
for rotating plugs to facilitate reduction in LRP and MV diameter and ease in construction.

The temperature of MV with the weir cooling arrangement is analysed. The contribution
of the mixed convection in the annular space between the weir shell and MV is estimated as about
10 K and the maximum MV temperature is about 700 K which is still less than the acceptable
value (725 K).

Structural analyses are repeated for the components (MV, IV, grid plate, control plug.
etc.) for 2 loop concept. Detailed elastoplastic buckling analysis of inner vessel for 2 loop
concept is completed including the shape optimisation and effects of thermal gradients, creep
deformation and dynamic pressure under seismic accelerations. The optimised shape has
potential up to 4.5 m (Na head) of pressure difference, to satisfy the RCC-MR (1993) buckling
rules.

Study on the effects of one of the primary pump discharge pipes (2 pipes/pump) break
indicates that it is possible to detect the pipe break by 2 diverse signals, viz. reactivity and high
pump flow of the operating pump. It is a level D event.
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3.1.5 Sodium circuits

DHR system consisting of 4 independent loops has been selected. Each loop comprises
of one Na-Na heat exchanger dipped in reator hot pool and one Na-air heat exchanger with
motorised dampers in airside.

The conceptual design of IHX has been finalised with the tube size of 19 mm OD & 0.8
mm thickness. A mechanical seal arrangement with piston ring has been opted instead of argon
packet. For SG, 15 mm OD and 2.2 mm thickness tube (T91 material) is selected. The revised
conceptual design of the primary compact pump for the modified design of 2 loop reactor is
completed.

Various incidents viz. total power failure, one primary sodium pump (PSP) trip, seizure
of one PSP, one secondary sodium pump (SSP) trip, seizure of one SSP are analysed. For PSP,
the flow halving time of 8 s has been recommended in order to respect the hotspot clad limit 1073
K for upset events. No non-return valve is provided in the PSP.

A criteria for the design basis leak (DBL) for SG has been established. Accordingly, the
leak rate that ensures rupture of both the rupture discs in the inlet and outlet of SG module is
considered to be DBL. The instantaneous double ended gullotine failure of 3 tubes at the top of
SG is taken as design basis accident.

Transient analysis of secondary sodium circuit with pump in the cold leg at lower
elevation has shown some concern for flooding of pump vessel which may in turn cause damage
to the mechanical seal. Alternative arrangements, viz. piston ring instead of mechanical seal and
pump in the hot leg are being studied.

3.1.6 Steam water system

Conceptual design of steam water system has been updated and it is essentially the same
as that for the coal fired station of same capacity (Fig 6). The standard 500 MWe modular
concept turbine manufactured in India has been adopted and reheating by live main steam is used.
The only difference is that the main steam and reheat steam temperatures are 763 K (490° C) and
613 K (340° C) as against 811 K (538° C) in case of conventional thermal power stations.

The steam cycle is of conventional type with regenerative feed water heating based on
steam bled from HP and LP sections of the turbine. The LP feed water heaters (3 nos) are
arranged in single train and the HP feed water heaters (2 nos) are arranged in 2 train
configuration.

3 x 50% capacity condensate extraction pumps are provided to deliver the condensate
from the condenser hot well to deaerator storage tank through the three low pressure heaters. 3
x 50% capacity boiler feed pumps (one electric motor driven and two steam driven) are provided
to deliver the feed water from the deaerator storage tank to SG.

Condenser cooling is accomplished by sea water in once through mode and the
temperature rise is 10 K in the condenser. 3 x 50% capacity pumps are provided for circulating
the sea water through the system. The circulating water system is designed for heat load of -755
MWt. The total cooling water requirement is ~21m3/ s.
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3.1.7 Electrical power supply system

Conceptual design of electrical power supply has been worked out. Fig 7 shows the single
line diagram. PFBR is connected to the southern regional grid to transmit the power generated and
these connections also provide off-site supply to the station. A 220 KV substation with six
transmission lines is provided for power evacuation. The power supply to various station loads
required for start-up, operation and shut down of the unit is divided in to four classes as follows:

• Class IV, Normal power supply forms the main source of power to all station loads.

• Class HI, Emergency power supply for safety related loads, which can withstand power
supply interruption of the order of a few minutes, are fed from class III buses. Various
I & C system equipment are provided with this class of power at different voltage levels,
viz. 48 V DC, 220 V DC and 220 V AC, 50 Hz.

• Class II, Uninterrupted power supply, (220 V, 50 Hz, 1 Ph) is provided for station
computers, distributed degital controllers and all other instrumentation and control
equipment requiring AC input power.

• Class I, 48 V DC & 220 V DC Suppliers are provided for I & C equipment (eg.
associated with reactor safety etc.) requiring DC power at lower voltage levels and TG
control & switch gear control respectively.

3.2 Design Basis Cyclone (DBC)

Post monsoon survey of sea coast near PFBR site at Kalpakkam was conducted. Based on
these observations, the final report on DBC has been submitted by the Department of
Oceanography of Indian Institute of Technology, Madras. The estimated water level is +7 m
above mean sea level. The level of present approah road is +4.6 m. Hence it would be necessary
to increase the ground level by ~3 m.

3.3 Site Seismicity

The Kalpakkam site seismicity values have been defined based on the updated earthquake
data supplied by Geological Survey of India and guidelines issued by Atomic Energy
Regulatory Board (AERB) to derive the site seismicity values. The site meets the AERB's site
selection criteria (wrt seismic considerations) that no active fault lies within 5 km. The site
seismicity values are as follows.

Design Basis

SI (OBE)
S2(SSE)

Peak Ground Accelerations (g)

Horizontal

0.078
0.156

Vertical

0.052
0.104

Incorporating all the above features, the conceptual design report has been prepared.
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3.4 Estimation of Unit Energy Cost (UEC)

A systematic method is being evolved to calculate the investment cost and unit energy cost
and comparison is also being made with coal fired plant and PHWR of 500 Mwe capacity.

3.5 Technology Development

Technology developments of main vessel, inner vessel, steam generator and primary
sodium pump are progressing at manufacturers works. Forming procedure for the qualification
of petals for the main vessel has been completed and crown and 3 petals have been pressed.
Welding of crown with 1 petal has been completed, one Dies for technology development of
inner vessel are ready. For SG reheater, drilling, spigot machining, tube-tubesheet welding
developments have been completed and for the evaporator, tubesheet drilling is completed.
Spigot machining and tube bending operations are qualified. Full scale hydraulic mock up of the
PSP has been manufactured in SS and arrangements are being made for its testing.

For the fabrication of control rods, stellite hardfacing and hard chrome plating
development is in progress. The raw materials, SS 316, SS 316 LN and D9, required for initial
hydraulic test SA were procured indigenously. Clad tubes and other hardware required for the
test fuel asssembly have been manufactured. Efforts are on hand to develop the process for
manufacture of hexagonal tubes. The equipment required for various operations towards
fabrication of assembly have been designed and manufactured indigenously. Process parameters
have been established for the fabrication and testing.

3.6 Seminars on PFBR Design

In order to finalise the designs involving interdisciplinary aspects, a series of seminars are
planned. 4 seminars are already conducted. The first one was on "Operating Experience of
FBTR", the second on "Operating Experience of other FBR", third one on "Seals for Rotatable
Plugs" and the recent one on "Inherent and Engineered Safety Features of PFBR Design".
Further seminars on "Constructability of PFBR" and ISI are planned for the year.

An IAEA-IWGFR TCM on 'Conceptual Designs of Advanced Fast Power Reactors'
was held at Kalpakkam during Oct 3-6, 1995.

3.7 Collaborations with other R&D Institutions

With conceptual design nearing completion, it is time now to involve other R&D
institutions within the country including DAE family for speeding up of PFBR R&D. Totally
10 R& D institutions are identified for component design, thermal hydraulics and structural
mechanics.

4.0 RESEARCH AND DEVELOPMENT

4.1 Reactor Physics

A new 121-group (100 neutron, 21 gamma) coupled neutron-gamma cross section library
for fast reactor shield calculations is generated and validated against a number of experimental
and theoretical benchmarks available. A 25-group lumped fission product cross section set is
generated using the ENDF/B-VI basic nuclear data library.
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To assess the accuracy of the results of internal radial shield optimisation calculations
carried out with 1-D transport codes and DLC-37 cross section library, a scaled mock-up of
radial shield has been designed and fabricated to carry out shielding experiments with neutron
source from a swimming-pool reactor, APSARA. A report giving details of the shielding
models and experiments to be performed has been prepared and submitted to the Safety
Committee for a review.

Work on the BN-800, IAEA/EC benchmark problem to study the effect of near zero
sodium void coefficient on the severity of an accident initiated by unprotected loss of
flow(ULOF), was carried out.

4.2 Engineering Development

4.2.1 Large Component Test Rig (LCTR)

The LCTR with a sodium inventory of 841 is being operated at the required experimental
conditions (sodium temperature 823 K) and the temperature distribution in the test vessel from
the free sodium surface to the top closure has been obtained. Presently the effect of cover gas
height (400 to 800 mm) has been studied on the total heat transfer and the total heat flux is found
to decrease slightly with increased cover gas plenum. In order to simulate the roof slab cooling
system, a nitrogen cooling circuit has been commissioned.

An indigenously designed and fabricated electromagnetic pump viz. Annular Linear
Induction Pump (ALIP) of 5 cu.m/h and 0.5 MPa rating is being tested in the LCTR for checking
its performance in high temperature sodium upto773.K.

4.2.2 Sodium Pump

A sodium pump development test rig is under construction to test the dynamic
performance of the pump rotor assembly. The 150 mm dia test rig piping has been erected and
the main test section is expected to be completed shortly. The study will focus on the
performance of the pump upper compliant support and the hydrostatic bearing would be studied.
In regard to hydraulic development of primary pump, manufacture of full size hydraulic parts
of 4 PSP design was completed and pump assembled for testing at the supplier's works.

4.2.3 Testing of CSRDM

A full scale model of the dash pot required for the CSRDM has been fabricated. As a
better alternative for the bellows type sealing system of the CRDM, a sealing system comprising
silicon rubber 'V seals and oil seals have been fabricated. Fabrication of a test set-up for the
dash pot and the seal has been completed.

4.2.4 Fuel subassembly tests in water

FIV measurements and pressure drop studies on a 19 pin bundle model of fuel
subassembly were carried out in a hydraulic test rig for different pin spacer-wire pitches. A
significant reduction in pressure drop has been obtained for an increase in spacer wire pitch from
150-200 mm without significantly increasing pin vibration.
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The FSA test facility to measure flow and pressure drop has been commissioned. Some
preliminary measurements have been made.

4.2.5 Instrumentation

A bypass flowmeter system for measuring sodium flow at primary pump discharge was
manufactured and calibrated in a water loop. The system will be tested for designed flow during
the tests on primary pump hydraulics in water.

A discrete (ON-OFF type) level detector for sodium based on the mutual-inductance
principle has been developed and tested in sodium upto a temperature of 823 K.

4.2.6 Thermal hydraulics

Experiments on a semi-transparent 1/3 scale. 90 degree sector model to study the
temperature uniformity indicates that the flow uniformity over the weir shell in MV is affected
significantly by the number of cooling tubes. The gas entrainment and sloshing are varying with
9 cooling tubes (36 total for the prototype) as compared to 6 tubes. Less number of tubes is
favourable. However, design modifications to destroy the vertical flow of the jet from each tube
are necessary to make the flow over weir independent of number of tubes.

Experiments on 1/3 scale model of grid plate with baffle plate have been completed at
Fluid Control Research Institute, Palghat. Flow uniformity in the SA is ensured during all the
pumps in operation and also under 3 by 4 and 2 by 4 pump operations.

4.2.7 5MWt SG test facility

Preliminary design has been completed on 5 MW SG facility to simulate 19 tube bundle
of SG. This facility will be utilised for validating the thermal & mechanical design and
endurance test of Indian built sodium heated SG. The construction of this facility will be done
in coming years.

4.3 Structural Mechanics

4.3.1 Theoretical studies

Detailed creep buckling analysis of inner vessel, IHX and SG tubes has indicates that
creep buckling failure mode is not of concern for PFBR.

LBB analysis is made on the primary pump discharge pipe by postulating cracks at the
critical junction with the grid plate as per RCC-MR A 16 proposal. In order to satisfy the LBB
justification criteria, the thickness of the pipe needs an increase from 10 mm to 20 mm locally
in the vicinity of the junction.

For generating floor response spectra by random analysis method, equivalent sectional
properties for the 'stick model1 have been obtained using detailed 3-D analysis (Fig 9). In the
model soil-structure interaction effects are studied by varying shear wave velocity in the range
1200-1500 m/s.
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4.3.2 Experimental studies

Two buckling experiments on l/40th scale models of main vessel under shear load were
carried out. Comparison with theoretical prediction of critical buckling loads and mode shapes
is satisfactory.

Natural vibration frequencies for a single FBTR subassembly vibrating in air and impact
loadings at the loading pad have been measured using experiments with modal hammer. The
code CORE-SEIS predicts well the experimental data.

A-15 t capacity high temperature component model test facility has been designed and
erected. Commissioning activities are in progress. Fabrication of supporting structures and
models for conducting fatigue and fracture experiments on benchmark geometries, viz. ORNL
plate, C-clamp, is completed. Fabrication of 100 t capacity loading frame for static and buckling
tests on large size components are nearing completion. Modal analyser and LVDT have been
procured.

The test loop for simulating thermal shock on the control plug mockup has been
commissioned at Indian Institute of Technology, Madras. The required thermal shock has been
simulated on the thermocouple mockup.

At Structural Engineering Research Centre, Madras, dynamic experiments on the empty
and water filled aluminium vessel under base excitations have been competed. Significant
contributions of shell mode during horizontal excitations are noted. Theoretical analysis with
CASTEM 2000 code to understand the same is in progress.

4.4 Metallurgy

4.4.1 Low cycle fatigue and creep-fatigue interaction behaviour

A comparative evaluation of low cycle fatigue (LCF) and creep-fatigue interaction
behaviour of SS 316L(N) base metal, SS 316 weld metal and 316L(N)/316 weld joint has been
carried out at 873 K. The LCF and creep-fatigue resistance of 316 SS weld metal is found to
be better than that of 316L(N) SS base metal. 316L(N)/316 weld joints displays the least fatigue
resistance. Fatigue life is observed to be lower in tensile hold as compared to compression hold
conditions and the endurance decreased with increase in the duration of hold due to creep and
oxidation. Based on the experimental data, fatigue and creep damage fractions have been
computed and compared with the bi-linear creep-fatigue interaction diagram provided in
RCC-MR. It has been observed that, in general, that RCC-MR curve is conservative.

Strain rate effects on high temperature LCF behaviour of 316 SS weld metal have been
evaluated. Fully reversed strain controlled fatigue tests were conducted at a constant strain
amplitude of ±0.6% at 773, 823, 873 and 923 K and strain rates of 3x10^ , 3xl0-3, 3XW4 and
3xl0"ss'1. At 773 K, fatigue life showed a peak at an intermediate strain rate of 3x10"3 whereas
at other temperatures, life decreased continuously with decrease in strain rate. The weld metal
generally exhibited a small initial hardening followed by gradual softening that continued upto
the rapid load drop leading to failure. Further with decrease in strain rate, the cyclic stress
response was found to decrease at all temperatures. The softening observed in the weld metal
was attributed to the annihilation of dislocations during cyclic straining.
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Towards studying the effect of Ti/C ratio for optimum creep-fatigue interaction properties
of indigenously developed Alloy D9, baseline LCF data is generated at 823 K and 923 K with
a Ti/C ratio of 4. The alloy is found to obey the Coffin-Manson relationship at both these
temperatures. Evidences for the occurrence of dynamic strain ageing, such as increased cyclic
hardening have been observed at 823 K.

4.4.2 Fracture and damage mechanics

The location of crack-initiation point on the load-time traces is problematic during JId

testing using instrumented precracked Charpy impact tests. The stretch zone height (SZH) values
determined from the fracture surfaces using scanning electron microscope (SEM) help locate the
crack-initiation point and estimate JId. Based on the analysis of the strech zoner results and their
relationship to load-time traces, some empirical relations have been obtained which enable
determination of crack-initiation point on the load-time traces. This has promise in JId testing of
irradiated specimens.

Fatigue crack growth (FCG) relation for single R-ratio (load ratio) proposed in the
literature is modified for correlating ambient temperature three-stage FCG results generated at
different R-ratios. The proposed equation was found to fit data generated on 316 SS at multiple
R-ratios. Applicability of this analysis to high temperature FCG results generated on 316L(N)
SS and T91 steels is being explored.

4.4.3 Creep rupture properties

A novel semi-empirical parametric correlation for stress rupture that incorporates
heat-to-heat variations has been proposed. In this, two heat-sensitive material parameters have
been used for scaling respectively stress and rupture life, both of which are also subjected to
temperature scaling through temperature independent apparent activation energies. This multiple
heat correlation has superiority over single heat correlationsl in simultaneously correlating stress
rupture data from literature on eleven heats of 9Cr-lMo steel.

4.4.4 Weldability

Alloy 718 in the aluminized condition has been selected as the material for tube bundle
support for steam generator of the PFBR. Weldability tests are conducted to evaluate the hot
cracking resistance by the Moving Torch Varestraint test. This alloy has shown much higher
fusion and HAZ cracking susceptibility than Alloy 600 (reference). The higher heat input welds
exhibits superior fusion zone cracking resistance than the lower heat input welds. However, the
HAZ cracking results show the opposite trend. Extensive backfilling decreases the HAZ
cracking because of a wide partially melted zone. Studies further shows that the weldability is
not affected significantly by aluminizing.

Diffusible hydrogen measurements are carried out in the weldments of 0.5Cr-0.5Mo,
2.25Cr-lMo and 9Cr-lMo ferritic steels. Under identical conditions of welding, the diffusible
hydrogen content is the highest in 0.5Cr-0.5Mo and the lowest in 9Cr-lMo thus indicating that
the alloying composition plays a significant role in determining the hydrogen diffusion.
However, 9Cr-lMo is the most susceptible to hydrogen assisted cracking.

The repair weldments of thermally aged 9Cr-lMo and 2.25Cr-lMo ferritic steel using both

126



half-bead and butter-bead temper-bead repair-welding methods are characterised based on
hardness profiles and tensile test results. It is observed that the latter repair welding method
yields lower peak hardness and better ductility. Amongst the two varieties of steels, low Cr
ferritic steel responds more efficiently in terms of tempering behaviour with these repair-welding
methods.

The effect of PHT on the interfacial microstructure and tensile properties of as welded
Inconel 182 and PWHTed type 316LN/C-Steel joint is investigated. Martensite is formed in the
heat affected zone of C-steel with single pass welding. However, with multiple thermal cycle
experienced during multi-pass welding, the martensite seems to be changing into an equilibrium
structure of ferrite and carbides. The tensile properties of transverse weld specimens carried out
before and after PWHT shows only marginal improvement in ductility.

4.4.5 Hot workability and process maps

The constitutive flow behaviour of alloy D9 is investigated for various Ti/C ratios (0, 4,
6 & 8), temperatures (1073 to 1523K) and strain rate (0.001 to 100 s'1 ) to establish hot working
domain. The technique adopted for this study is through generation of processing and instability
maps based on dynamic materials modelling. The processing maps revealed dynamic
recrystallisation as a favourable mechanism for all the alloys. Based on the instability map and
microstructural examination, it is concluded that flow localisation has the microstructural
instability at lower temperatures and higher strain rates.

4.4.6 Effect of flowing sodium on ASS

Exposure of SS 316 to flowing sodium in a mass transfer loop (at 823 K) results in
changes in tensile properties and chemical composition of the steel. The increase in yield and
ultimate tensile strengths and decrease in ductility of the sodium-exposed steel are attributed to
the combined effects of thermal ageing and sodium exposure. Analysis of the sodium exposed
surface shows a decrease in concentration of Cr, Mo and Ni. Bulk chemical analysis of a thin
stainless steel foil exposed to flowing sodium indicated an increase in the carbon content.

4.4.7 Corrosion ofCWSS 316

Laser surface melting of CW SS 316 significantly improves its integranular corrosion
resistance. Some important high temperature thermodynamic data, such as the standard Gibbs1

energies of formation of alkali chromium oxides of the types, M2Cr207 (where M = Na, K, Rb,
Cs), M3Cr04, (M = Rb or S), M2Cr04 and M"Sb2O4 (M" = Fe, Co, Ni) have been determined
by the use of precise and accurate solid electrolyte emf measurements. These data help in
characterising the products formed during interaction of the fission product with the clad.

4.4.8 Sensitisation studies on SS 316 LN

The time-temperature-sensitisation and the continuous cooling sensitisation diagrams are
established for SS 316 LN. These diagrams help in predicting the occurrence of sensitisation
during service or welding respectively. The extent of chromium depletion along the grain
boundaries is also measured by the elctrochemical potentio-kinetic reactivation (EPR)
technique. The nitrogen content of the steel improved its crevice corrosion resistance in acidified
chloride media compared to SS 316. Smaller grain size improved the pitting corrosion resistance
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of nitrogen-added types 304, 316 and 317 stainless steels. On isothermal ageing of the
weldmetal of these steels, the precipitation kinetics and morphology of chromium nitride and
sigma phases influence the pitting corrosion resistance.

4.4.9 SCC studies on Alloy D9

Stress corrosion cracking (SCC) property is studied in boiling acidified chloride solution.
The higher Ni content in D9 (vis-a-vis SS 316) improves SCC resistance. Also, increasing the
Ti/C ratio, and use of fabrication procedures which involve lower strain rates, such as rolling
impart better SCC resistance.

4.4.10 Development of techniques and testing facilities

The knowledge base and expertise in the plasma nitriding process has been developed and
utilised for achieving optimum surface treatment of valve internals in the steam circuit of FBTR.

In order to establish the chemical constituents, especially carbon and oxygen, of
microscopic particles obtained by digesting the sodium used in FBTR, analytical resolution of
light elements at the spatial resolution of these sub-micron particles is accomplished by evolving
suitable procedures using the electron probe micro-analyser.

4.4.11 Fabrication of (09Pvi02)O2 fuel pellets by powder pellet route

Flowsheet has been developed for the fabrication of (0 gPu02)O2 fuel pellets of around 85%
TD. containing uniformly distributed thermally stable pores produced by controlled addition of
pore formers like methyl cellulose. This fuel will be suitable for use as driver fuel for the PFBR.
Both the low temperature oxidative sintering (UTS) under (N2 - air) mixture and the conventional
high temperature reducing atmosphere sintering (HTS) under Ar - 8% H2) mixture have been
standardised for fabrication of the pellets. Density, average pore size, pore size distribution etc.
of the sintered pellets can be controlled as required by proper adjustment of sintering temperature
and time and by choosing proper particle size, amount and mixing technique of the pore former.

4.5 Post-Irradiation Examination of FBTR Fuel Pins

Three experimental fuel pins (pellets in the two pins have present FBTR fuel composition
and size and pellets in the one pin have the Mark II core fuel composition and size) have been
irradiated in the fifth row of FBTR for durations ranging from 16 to 26 equivalent full power
days, at a reactor power of 10.1 MWt. The aim of the experiments is to study the evolution of
fuel structure from the beginning of the life of the fuel in the reactor. All the fuel pins have been
filled with a mixture of argon and helium as the bond gas between the pellets and the clad to
enable generation of higher temperatures at the fuel centreline corresponding to irradiation at
higher linear power. The equivalent linear power generated due to this is about 270 W/cm (the
actual linear power at the location of irradiation is about 180 W/cm). These fuel pins are
received in the hot cell facility at Radiometallurgy laboratory for post irradiation examination.
Fuel pins have undergone visual examination, X-radiography, eddy current testing and
dimensional measurements.

Sodium deposition in the nozzle portion and other narrow passages of the first carrier SA
during the handling caused some difficulties to remove the fuel pins by normal unlocking
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procedure. This inturn called for removal of fuel pins by cutting the SA. However for the
subsequent SA problems have been solved by modified handling procedure. The fuel pins are
retrieved from the fuel peSe^T by cutting open in the dismantling machine. The fuel pins are
further cleaned in an alcohol bath. Visual examination of fuel pins did not reveal any damage
or deterioration.

4.5.1 Radiography

For the radiography examination, a specially designed carriage mechanism and film
cassette retrieval mechanism are used. The carriage also has tungsten rods of known
diameter for calibration of dimensional measurements, embedded at known distance. No
crack like indications have been observed. Interpellet gaps at few locations have been observed
in the fissile region. Pellet-clad gap has been observed clearly on the radiographs, indicating that
the gap has not closed. Diameter measurements of the fissile portion are carried out using a
non-contact measurement system, on the radiographic images. These values are compared
with similar measurements of the pins taken before irradiation. The measured values are
corrected for geometric factors. It is observed that the diameter increase is only marginal and no
appreciable amount of swelling has taken place.

4.5.2 Eddy current inspection

Eddy current inspection of the three experimental fuel pins are also carried out. A
differential encircling probe mounted on the vertical profilometer bench placed inside the cell
was used for this testing. The system which is equipped with sophisticated data logging system
has been developed indigenously at IGCAR. A detailed investigation with this equipment has
revealed that no indication comparable to that of the artificial defects used in the calibration
standard has been observed in any of the pins.

4.5.3 Dimensional measurements

Diameter measurements of the irradiated experimental fuel pins are carried out using
a profilometer inside the hot cell. From the profilometry results it is seen that the diameter of
the fuel pins shows a slight increase of the order of 10 to 40JI. Since the fuel pins have been
irradiated only for a short period, the increase in diameter observed is not due to swelling of
the clad, but is likely due to thin sodium/sodium oxide layer adhering to the outside surface
of the fuel pin.

4.6 Pre-Service and In-Service Inspection Techniques

4.6.1 Residual stress measurements on the spare CRDM translation tube of FBTR

Measurements by 'hole drilling method' have shown that after annealing, the residual
stresses have come down to 0 + 50 MPa as compared to 200 +100 MPa before treatment. This
indicates that heat treatment mentioned above is capable of removing most of the residual
stresses and also bringing down the scatter in the stresses. Residual stress measurements
enabled to ensure the adequacy of adopted heat treatment schedule for obtaining the component
with minimum sensitization and residual stress.
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4.6.2 Development of leak simulator for sodium-water reaction studies in FBTR-SG

By introducing a known leak in the experimental loop, steam water reaction studies are
to be conducted to understand the response of the material to the leak as a function of leak rate,
time, temperature, steam pressure and the size of the microhole. Leak simulators being developed
are aimed to serve this purpose. The adopted design for leak simulators for the self wastage as
well as the impingement wastage is based on a thin rupture disc element welded to the leaky tube
at the location of the microhole which would rupture at a set pressure of 15 MPa to allow steam
to leak through the microhole (90 to 250 [i) at known rate towards the sodium.

4.6.3 Projected interferometry and optical profilometry of FBTR cladding tubes

Projected interferometry (PIF) is used to study the profile of the cladding tubes along the
axis. Microscopic profilometry is done (using microscopic profile projector) to supplement and
corroborate the results of PIF. Variation in wall thickness along the axis is studied by
microscopic profiling of cross sections. This technique is used to characterise and compare the
cladding tubes manufactured indigenously. The study indicates that the deviations of the outer
profile from the nominal plane are higher in the indigenous cladding tube when compared with
those of the imported cladding tube. The study also brings out a strong correlation between the
external profile of the cladding tube and its wall thickness variations. The wall thickness
variations are seen to occur over a short range of few millimeters and found to be higher in the
indigenous tube as compared to the imported tube.

4.6.4 Radiography of tube-tubesheet welds for PFBR-SG

About 100 trial tube to tubesheet welds of evaporator and reheater are radiographed using
the microfocal radiography unit. The experience gained is useful in suggesting many
modifications of practical significance to be incorporated in the technology development
procedures.

4.7 Instrumentation and Electronics

Trip units are developed for processing bipolar neutronic signal of FBTR. Fail safe and
modular design has been.adopted. Charge/discharge flask position measurement system is
developed for FBTR by processing the signals from synchro transmitters of the flask. SMART
annunciator for fire fighting system is developed for FBTR. The instrument is provided with
inbuilt feature to detect the healthiness of the sensor. Instrumentation system for measurement
of carbon and hydrogen in argon cover gas is developed with self test feature. For analysing the
reactivity transients in FBTR, Fast data acquisition is developed. Safety related signals are
scanned every 100 ms. Whenever neutronic power crosses the set limit, the memorised process
signals are graphically represented for the analysis of power transient.

4.8 Chemistry

4.8.1 Pyrochemical processing

Studies on techniques for pyrochemical reprocessing of FBR fuels are continued. An air
atmosphere glove box is attached to the existing glove box train housing the laboratory scale
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facility for pyrochemical reprocessing studies and a cadmium distillation set up is commissioned
inside the air atmosphere box. An injection casting set up is assembled inside one of the argon
atmosphere glove boxes in the facility and injection casting of pure uranium, uranium-aluminum
and uranium-aluminum-molybdenum alloys is successfully carried out. The cast rods have been
found to be free of pores.

4.8.2 Thermochemistry

Enthalpy increments of Gd2Hf207 and LajHf̂ Oy which are of interest in high level nuclear
waste management are measured in the temperature range of 1000-1700 K and from the
temperature dependence of these enthalpy increments, other thermodynamic functions such as
heat capacity, entropy and free energy functions are derived. Enthalpies of formation of the
intermetallic compounds, UNi5, UNi2, UFe2, CeNi2 and CeNi5 at 298 K are determined by using
liquid aluminum solution calorimetry. The thermodynamic functions of these intermetallic
compounds are of interest for understanding the fuel-clad interaction mechanisms during the
irradiation of (U, Pu, Zr) fuel.

To measure the peritectic melting temperature of fuel materials, an experimental facility,
based on the "Spot Technique" has been set up. Preliminary tests have been conducted success-
fully by melting noble metals in a Knudsen cell at a vacuum of lxl0'9 MPa. The temperature
of the cell is measured by an optical pyrometer. Tests are in progress with other metal samples.

A new method has been developed for the measurement of the free energy of formation
of carbides. In this method, the oxide is reacted with carbon and the measurement of partial
pressure of CO evolved during the carbothermic reduction reaction leads to the calculation of
the free energy of formation of the carbide. After validating this technique through studies on
the Al-C system, the free energy of formation of selected chromium carbides such as Cr23C6 are
measured using the new technique.

4.8.3 Th-U separation by Tri-sec-butyl Phosphate

For separation of 233U from irradiated thorium, the use of Tri-sec-butyl phosphate (TsBP)
as an extractant is expected to have advantages over Tri-n-butyl phosphate (TBP) which is
presently used. A systematic study of the extraction of Th(IV) and U(VT) from nitric acid
medium using TsBP and TBP has been initiated. The distribution coefficients for the extraction
of Th (TV) and U(VI) have been measured at various nitric acid concentrations. The data suggest
that the use of TsBP will result in much higher U-Th separation factors. TsBP has also been
found to have better solubility for the thorium solvate, than TBP.

4.8.4 Development of laser induced vaporization mass spectrometry facility

An experimental facility based on laser induced vaporization combined with mass
spectrometry has been developed in-house to generate the data on vapour pressures of fuel
materials in the temperature range 2500-5000 K. Using this facility vapour pressure
measurements are done on UO2 sample. The UO2 surface temperature is calculated as
4300+200K and a total vapour pressure of 0.38 MPa has been determined. The total vapour
pressure obtained is also in agreement with the values calculated with the modified principle of
corresponding states. This is of interest in the energy release calculations under CD A.
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4.8.5 Matrix isolation infrared spectroscopy

This is an experimental technique that has been set up to study weak interactions in
phosphate-diluent system with a view to understanding the extraction chemistry of the organic
phosphates in fuel reprocessing. The conventional effusive beam technique used in matrix
isolation spectroscopy pose problems in the study of large molecule spectroscopy, as in the case
of organic phosphates. By introducing a supersonic expansion sampling to the matrix isolation
technique, these problems can be circumvented. This is the first successful demonstration of the
supersonic expansion-matrix isolation technique.

4.8.6 Fiberoptic based remote sampling system for fluorescence spectroscopy

Remote analysis of samples has an obvious relevance in reprocessing. The utility of
remote fiber fluorimetry by coupling a fiber optic system to a commercial fluorimeter for the
analysis of uranium solutions has been demonstrated. The detection limits need be improved
by increasing the number of fibers in the bundle and by improved light gathering optics.

4.8.7 Solid state studies on nuclear waste disposal materials

Oxide pyrochlores that can incorporate rare earth elements are considered as promising
ceramic materials for radioactive waste immobilization. Two series of such compounds R2M2O7

[R = La - Gd; M = Zr, HfJ are synthesised by high temperature solid state reactions. Thermal
expansion measurements on these compounds as a function of temperature are carried out by

high temperature x-ray powder difiractometry. The observed thermal expansion behaviour has
been correlated to the variation in the ionic radii of the rare earth elements and thereby to the
distortions in the ionic coordination polyhedra RO8 and MO6. The oxide ion conductivity of
some doped and undoped rare earth pyrochlore zirconates is also studied. Enhancement of
conductivity is observed in strontium-doped neodymium and gadolinium zirconates.

4.8.8 Particles in sodium circuit

Particulates sampled by passing primary sodium of FBTR through a filter assembly (25 u
pore size) are analysed for its carbon content with a view to ascertain the possibility of oil leak
leading to formation of large amounts of carbonaceous product (which could have led to the
positive reactivity incidents). The water and acid insoluble fraction of the particulate collected
is 130 mg in weight and it is found to contain only 32 mg of carbon.

4.8.9 Assay of filter unit obtained from FBTR

The filter unit is first assayed by gamma spectrometry to identify the radioactive nuclides
present. The active particles are isolated by ultrasonic agitation of the filter unit in methanol
medium. The particulate matter obtained is assayed for radionuclides. The major nuclides
are found to be Mn-54 and Co-60. Most of the radioactivity has gone into solution when the
material is treated with hydrochloric acid. Analysis of the residue obtained after HC1 treatment
indicates the presence of carbon, oxides of Si, Mg and Al, and traces of Ti and Cr carbides. The
carbides are suspected to have originated from the filter material.
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4.8.10 Electrochemical carbon meters

Electrochemical carbon meters for use in sodium circuits of FBTR are tested for their long
term performance in static as well as in flowing sodium circuits at an operating temperature of
873 K. The meters are calibrated by adopting stainless steel foil equilibration technique. The
measured temperature coefficient of the meter output studied in sodium loop indicates that
carbon is present as dissolved acetylide at the prevailing carbon activities (~0.1) in the loop
sodium.

4.8.11 Sodium-oil reaction

With a view to evaluate the type of carbon produced in the event of an oil leak into
sodium, reactions are carried out between Servoprime-76 oil and sodium at temperatures ranging
from 473 K to 723 K. The reaction is found to initiate at temperatures as low as 713 K and
vigorous at -573 K. The reaction product obtained after equilibrating for 64 h is amorphous
at 598 K, flaky and nonsticky at 673 K and partly graphitic at 698 K. When the equilibration
is carried out at 748 K, the product obtained is found to be completely graphitic.

4.8.12 Particle release behaviour of reticulated vitreous carbon

Reticulated Vitreous carbon (RVC) which is used as trap material for Cs-137 radionuclide
can release particles during the operation of trap. This particle release can increase the carbon
content in sodium and cause carburisation of the structural material. The amount of particles
getting released from RVC during the operation of the trap is determined following simple
experimental procedure. From the results, it is found that it is necessary to provide a filter
element with high surface area in order to reduce the carbon release from RVC into sodium
system as well as to keep the pressure drop across the filter element low.

4.8.13 Radionuclide trap for Cs-137

Preliminary design of Cs-137 trap for FBTR has been made to incorporate a filter
assembly with 25 urn pore size and surface area of 0.4 m2 at the outlet line of the trap to avoid
the release of particles from RVC into sodium.

4.9 Fast Reactor Fuel Reprocessing Plant

The design of all process equipment like thermosyphon and pot type evaporators,
condensers, reheaters, acid recovery columns, high active storage tanks etc., have been
completed. The fabrication drawings have been prepared for inactive solution tanks, feed
clarification centrifuges, etc. Process vessels fabrication is in progress. The inactive solution
preparation and pumping stations have been designed and undergoing safety review.
Instrumentation system design is nearing completion. A remote sampling system is being
designed. The safety implication of nonavailability of cooling water system for high active
waste storage tanks has been assessed. Manufacture of fume hoods, free standing gloveboxes and
glovebox trains is in full swing.

Development of solvent extraction code SIMP SEX is in progress. Work is in progress to
develop empirical models for the limiting organic concentrations of U(IV), PU(III) and Th(IV)
and also for characterising the third phase itself for the metal and HNO3 concentrations and their
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volumes. Five, 16-stage banks of Centrifugal Extractors (nominal capacity of 10 lit/h) are at
various stages of fabrication. Two 20-stage low holdup ejector mixer settler banks have been
fabricated and their performance tested with acid-TBP runs and found to confirm the advantages
of high efficiency and individual stage behaviour.

A demonstration facility for processing FBTR fuel (1 kg/d) is under erection. This
facility basically consists of two co-decontamination cycles followed by a extraction step, an
in-situ reduction unit and one U strip unit. This will initially process the (70%PuC + 30%UC)
fuel after diluting to 30%Pu and 70%U and progressively Pu content will be increased to 55%.

4.10 Safety Research and Health Physics

4.10.1 Activity transport

Release and deposition behaviour of radionuclides are critically reviewed. The most
appropriate approach for modelling the corrosion product behaviour has been identified. A
static facility has been assembled for studying the release and deposition behaviour under
equilibrium conditions. In view of depth profiling of deposited radionuclides on primary
system components, electroleaching trials are conducted in aqueous medium for controlled
progressive dissolution of SS layers.

4.10.2 Sodium fire

In the pool fire code SOFIRE II and the spray fire code NACOM, modifications are
incorporated to account for production of NajO and Na2O2 in a more realistic manner. For the
sodium aerosol source term calculation, the pool temperature dependent evaporation rate
equation has been incorporated. The modified versions give good results when compared with
thirty two experimental runs conducted at AI and KfK.

4.10.3 Sodium-concrete interactions

The small scale sodium-concrete contact facility is refurbished to enable prolonged
exposure of limestone concrete to larger quantities of hot sodium. The on-line instrumentation
is also augmented.

4.10.4 Sodium-oil interaction

The nonvolatile reaction products which remain in the sodium circulated through the core
are of concern. Such products were generated in a static experimental facility by contacting a
representative pump oil with hot sodium.

4.10.5 Aerosol studies

For studies on aerosol characterisation under simulated reactor accidents, scoping
experiments are carried out with copper by fast condenser discharge technique. Mass
aerodynamic size measurements show bimodal distribution indicating the types of particles.
X-ray diffraction measurement carried out on the sample reveals that the aerosols constitute
CU20 and CUO conforming the bimodal distribution.
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4.10.6 Fuel-coolant interaction

Simulated small scale MFCI experiments with different systems like tin-water, zinc-water,
bismuth-water and lead-water have been carried out and the fines generated during fragmentation
are analysed based on heat transfer and fuel physical properties.

4.10.7 Atmospheric dispersion studies

Sea breeze model SBLBML (Sea Breeze Land Breeze with Mixing Length
parameterisation) developed for modelling coastal air circulation has been evaluated using a
bench-mark data obtained from Lake Michigan field experiment. The model performance has
been tested for the Kalpakkam coastal conditions by comparing the calculations against the
SODAR data on wind field for a complete 24 h period.
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Fig 9: 3-D FEM mesh developed for seismic analysis of RCB
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