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Abstract

India generated 395 TWh of electricity during April 1996 to March 1997. Oil import bill during the year

wss $9.3 billion. The operating performance of the thermal power reactors has considerably improved during the

year and has enhanced the confidence level in nuclear energy in the government and the public. Construction of

4x220 MWe PHWR is continued at two locations. Start of construction of 2x220 MWe PHWR, 2x500 MWe PHWR

and 2x1000 MWe WER (Russian collaboration) and 500 MWe PFBR have been proposed in the IX Plan (1997-

2002). The 13 party coalition government is discussing the IXplan proposals in the power sector.

Operation ofFBTR at 10.5 MWt is continued. The maximum fuel burnup reached is 32,000 MWd/t

without any failure. Targeted burnup is 50,000 MWaVt. Post irradiation examination has been completed on one

fuel subassembfy taken out at 25,000 MWd/t. The performance of the fuel is very good. Turbine was rolledupto

synchronous speed of 3000 rpm several times during the year and operation was found to be smooth. TG

synchronisation with grid will be achieved during the reactor operation at 12.5 MWt, with the addition of fuel

subassemblies in the core.

All the activities related to the revision of conceptual design from 4 loop to 2 loop concept are almost

complete for the 500 MWe Prototype Fast Breeder Reactor. The main options for the reactor are sodium coolant,

pool type, MOXfuel, 2 primary sodium pumps, 2 secondary loops with 4 SG in each loop. The important design

activities carried out during the year are plant dynamic studies, decay heat removal analysis .design of pump to

grid plate pipe, scram and LOR parameters, location of secondary sodium pump in the secondary sodium circuit

and design of fuel handling machines.

R&D in the domain of engineering development, thermal hydraulics, structural mechanics, metallurgy,

non-destructive examinations, chemistry and safety are continued. Important experimental R&D works carried

out during the year were testing of prototype primary sodium pump in water, operation of a large sodium test rig

to study the heat and mass transfer in the cover gas, testing of dummy fuel subassembly in water test rig for pressure

drop and vibration measurements.

1.0 INTRODUCTION

1.1 Energy Scenario

The economic reforms initiated since 1991 in India have resulted in GDP growth rate of
6.8%. It is being increasingly realised that this growth rate cannot be sustained unless the
infrastructure is expanded correspondingly. There is a feeling now that the Government's over
reliance on the private sector participation in the power sector has misfired due to various
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reasons. The slackening of public sector investment during the eighth plan (1992-97) on
electricity generation capacity addition, resulted in poor realisation of the target. Against the
target of 31 GWe, only 15.5 GWe could be realised. Annual addition of capacity has been
dwindling with an addition of 1.6 GWe in 1996-97 against 2 GWe in 1995-96. Large scale
power cuts have been imposed in many states. Capacity additions upto 10 GWe in public and
private sectors are expected in a short period and most of them will be liquid fuel based. This
again raises issues of energy security as the fuel has to be imported. A comprehensive national
policy on the energy front is yet to emerge. The target for the capacity additions during the ninth
plan (1997-2002) is 40 GWe. The public sector National Thermal Power Corporation(NTPC)
has been performing extremely well, meeting about 25% of national electricity demand from its
thermal power stations. The corporation has plans to add 6.2 GWe during the ninth plan period
in addition to the projects totalling 1.8 GWe underway. The major problem faced by public sector
utilities is the policy of subsidies given to various user sectors resulting in bankruptcy and paucity
of internal resource generation. There has been general increase in the electricity tariff to raise
the resources.

Total electricity generation capacity was 84.9 GWe at the end of March 1997. Out of this
61.2 GWe is thermal, 21.5 GWe is Hydro and 2.2 GWe is nuclear. Total electricity generated
by the utilities during the year was 395 TWh. This is about 4% more than the generation during
the previous year. Sector-wise electricity generation during 1996-97 is as given below in TWh

Thermal - 316.85
coal
lignite
gas
oil
multifuel

Hydro
Nuclear
Total

-
-
-
-
-

068.
009.
394

61
01
.47

265
013
027
001
008

.50

.35

.80

.68

.52

The installed wind power capacity connected to the grid, is 800 MWe

1.2 Economic Outlook

Economic reforms initiated in 1991 in India continued in 1996-97 in spite of the change
in the political setup indicating that the policy of globalisation has come to stay in the country
under the general political consensus. The performance in the foreign trade front was slightly
discouraging with exports rising only by 8% to $ 35 billion. There was a decline in imports too
resulting in a trade deficit of $5.3 billion. The total value of oil imports increased to $ 9.3
billion. The situation in foreign exchange reserves continued to be bright with reserves touching
$ 22.36 billion. Though India is a developing country, as per World Bank data, it is the fifth
largest economy in the world ($ 1318 trillion) after USA, China, Japan and Germany, when
purchasing power parity is considered. Budgetary allocation by the Government for R & D and
professional education has been increased to $ 2.5 billion in the year 1997-98, which is 14%
higher than in 1996-97. This allocation is roughly 4% of the total expenditure by the
Government.
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1.3 Nuclear Energy

The performance of nuclear power plants has improved considerably over the last two
years. The operating performance of the eight plants out of the 10 existing plants is tabulated
below. Total electricity generated by nuclear power in the year 1996-97 is 14% more than in the
previous year though the capacity has not increased. An interministrial committee has carried
out a comparative cost study between nuclear and coal, and it is found that the nuclear energy
is cheaper if the location is 900 km from the coal pit. This difference improves in favour of
nuclear energy for the life time cost.

TABLE I
Operating Performance (1996-97)

Unit

TAPS -1
TAPS -2
MAPS-1
MAPS-2
NAPS-1
NAPS-2
KAPS-1
KAPS-2

Total

Generation - 106kWh

Target

665
975
500
810
1209
1218
1201
992

7570

Actual

424 *
648 **
752 ***

1233
1377
1449
1593
1593

9069

Availability
Factor (%)

38
59
53
84
75
78
90
90

Capacity (%)

30
46
51
83
71
75
83
83

67

TAPS-l was under annual shutdown from July 1996 to mid January 1997 for
mandatory regulatory inspection of core shroud and other systems.

refuelling, carrying out

** TAPS-2 started generation from June 1996 after annual shutdown from September 1995 to May
1996 for refuelling, carrying out mandatory regulatory inspection of core shroud and other systems.

*** MAPS-1 started generation from September 1996, after annual shutdown from April 1995 to August
1996 for mandatory regulatory inspection of coolant channel.

The two plants that are not included in the above table are the twin reactors of Rajasthan
Atomic Power Station(RAPS). RAPS-1 has been brought on stream recently after prolonged
shutdown for repairs. RAPS-2 is undergoing coolant channel replacement. Removal of existing
channels has been completed ahead of schedule and retubing is being taken up.

It may be seen that the performance has exceeded the targets set for six plants. This
excellent performance of nuclear plants has given rise to renewed enthusiasm from the
Government to go in a big way for nuclear power. Construction of 2x220 MWe at 2 sites is in
progress and will be commissioned in 1999-2000. Projects consisting of 2 x500 MWe PHWR,
2x220 MWe PHWR and 500 MWe PFBR are proposed to be started in the ninth plan period.
In addition to these, proposal of constructing 2x1000 MWe Russian VVER are expected to be
finalised during this period. Recent visit to Russia by India's prime minister has speeded up the
proposal. The 13 party coalition government is discussing the IX plan proposals in the power
sector. The target set at present is 20 GWe by the year 2020. An industrial forum called Indian
Atomic Industrial Forum(IAIF) has been launched in October 1996, consisting of major Indian
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industries to serve as a common platform for the industries, institutions etc., for exchanging
information and views in relation to the nuclear technology, with an ultimate aim to promote the
cause of nuclear power.

Six MOX fuel subassemblies have been loaded in the Tarapur BWR, demonstrating the
feasibility of the fuel substitution. Good experience in the fabrication of MOX fuel has also been
acquired. Another important target achieved was cold commissioning of the 100 tpa capacity
Kalpakkam Reprocessing Plant. This plant will meet the fuel requirement of the 500 MWe PFBR
proposed to be built at Kalpakkam. The construction of PFBR is expected to commence in 1999
for which work on the preparation of PSAR has been started at the Indira Gandhi Centre for
Atomic Research. IGCAR has a scientific and technical manpower of about 1500 and budget
allocation for the year 1997-98 for IGCAR is Rs. 800 million ($ 22.2 million).

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 October 1985. Since then it has been operated at various power levels in stages upto 10.5
MWt. The small carbide core with 26 fuel subassemblies has been licensed to operate upto 10.5
MWt with 320 W/cm peak linear heat rating of fuel. All the works in TG system have been
completed and the turbine has been rolled upto its synchronous speed of 3000 rpm. In March
1997, clearance from safety authorities has been obtained for further loading of the fuel
subassemblies and to operate the reactor upto a power level 12.5 MWt. Synchronisation of TG
with grid will be done shortly.

2.1 Reactor Operation

During the year reactor operated for 2,550 h, out of which 1,900 h has been at high power
(fig 1) and the following were achieved.

• Test fuel pins irradiation programme for Mark I and Mark II (55% PuC-45%
UC) compositions was completed and discharged for PIE.
Maximum fuel burnup of 30,390 MWd/t for Mark I (70% PuC-30% UC) core
without any fuel failure was achieved. The central fuel subassembly with a
maximum burnup of 25,030 MWd/t was discharged for post Irradiation
Examination (PIE). PIE is mostly completed (see para 4.5.3).

• Irradiation campaign no.03 with 25 & 04 with 26 fuel subassembly core were
completed.

• Rolling of turbine at 3000 rpm for ~ 100 h continuously was achieved and all
electrical tests on generator were completed.

• No reactivity transient incident recurred during the reactor operation in the year

FBTR has logged 17,000 h of cumulative operating time, out of which 4,200 h has been
at high power. During the year, reactor tripped 14 times (3 scrams and 11 LOR). In addition,
there were 5 forced manual shutdowns and 5 controlled shutdowns. During the shutdown,
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Fig 1 Histogram of reactor operation

reactor vessel internal inspection, ultrasonic testing of secondary sodium circuit weld joints,
installation of hydrogen in argon detector and carbon meter circuit in secondary sodium loop,
chemical descaling of condenser cooling water system, replacement of leaky (bellows failure) CRDM
lower part, various modification works for the improved performance of different systems, major
preventive maintenance works and surveillance activities were carried out. In October 1996, during
exercising of one of the hydraulically operated SG isolation valves, a ferrule joint in the oil inlet line
to the valve actuator failed. The leaking oil splashed & seeped through the insulation of hot sodium
pipe and caught fire. After inspection of sodium lines, rectification & checking of oil circuit, the
system was normalised.

After completion of fuel handling campaign in July 1996 for loading the 26th fuel
subassembly, mobile plate of core cover plate mechanism (CCPM), housing core thermocouple
sleeves, could not be lowered to its normal working position. Similar incident took place in July
1995 and normalcy was then restored by applying safe jacking down force. Normalcy could not be
restored, with safe jacking down force, this time. Clearance was obtained to operate the reactor with
CCPM at 80 mm position after reviewing the safety implications, arising due to dilution of
temperature measurement at the outlet of fuel subassembly, by suitably modifying the trip thresholds.
The core temperature data indicated an average dilution of outlet temperature for all the fuel SA by
about 7% with respect to the measured values with CCPM at 15 mm normal position and the
individual rings were found to retain their identities. Mock-up studies are being carried out to devise
rectification methods to restore CCPM to normalcy.

The performance of reactor systems, sodium systems, control rod drive mechanisms and
other safety related systems and auxiliary system were generally satisfactory. The primary and
secondary sodium purity was maintained below the plugging temperature of 105° C. The four
sodium pumps and their drives are operating well and have logged 83,293 h, 70,615 h, 88,878 h &
69,201 h.
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The heat transport parameters achieved during turbine rolling at 10.5 MWt operation in
March 1997 are as follows:

Reactor inlet/outlet temperatures
Primary sodium flow through core
Central fuel subassembly sodium
outlet temperature
Sodium temperature at SG inlet/outlet
Secondary sodium flow (2 loops)
Feed water temperature
Feed water flow
Steam temperature
Steam pressure

334/420 deg C
375 cum/h

474 deg C
417/287 deg C
280 cum/h
188 deg C
16t/h
398 deg C
120kg/sqcm

• ISO

J—-SG

.POWER

^CAST LOOP

VALVE 0 11

1

2.2 Evolution of Hydrogen in the Secondary Sodium Circuit

The SG were valved in with water on 21st January 1993 for the first time and were in service,
operating at 10.5MWt, for 4,250 h till 31st January 1997. The hydrogen concentration in the
secondary sodium with the SG in service
is mainly a function of hydrogen i j . EASI t00P C0L310AP H £ » II
diffusion rate, steam and sodium
temperature. During the first valving in
of water, the hydrogen concentration
increased rapidly to a high value on the
virgin surface of the SG tubes (without
magnetite layer) due to high diffusion of
hydrogen which liberated during the
process of magnetite layer formation.
This came down subsequently as the
operating hours increased. It is also
observed that the increase in background
is comparatively less whenever the
operation is followed after a controlled
shutdown in the previous operation, as
the magnetite layer formed was not
disturbed due to the gradual decrease of
temperature in SG.

In March 1997, an experiment
was conducted with bypassing the cold
trap in the secondary west loop with the
reactor operating at 10.5 MWt to study
the increase in hydride/oxide impurities
and also to check the sensitivity of the Fig 2 Hydrogen evolution during SG operation
SG leak detection system. On bypassing
the cold trap, the hydrogen signal increased at a rate of 20 ppb/d till the cold trap was put back into
service after 4 days. The hydrogen value reached is 160 ppb. Fig 2 shows the different hydrogen
evolution profiles as recorded by the quaropole mass spectrometer over the period of SG operation.
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2.3 TG Commissioning

During this period, TG was rolled several times. Of these, two trials were done for cleaning
the system to prevent degradation of steam water chemistry. During other occasions, TG trips were
due to the following reasons:

• LH CIES valve was stuck open
• Heavy sparking at excitor brushes
• Failure of trip reset valve during oil injection test
• Oil leak from front pedestal leading to a minor fire.
• LOR due to loss of suction in CEP.

LOR due to DLP trip when CPU got choked.
• Feed water flow fluctuation
• On low vacuum in main condenser as auxiliary header pressure collapsed due to

inadequate steam quantity

After modification works in steam-water circuit, such as diversion of steam trap drains to
dump condenser, connection of LPFT recirculation line upstream of gland steam condenser,
provision of spray cooling arrangement for exhaust hood of main condenser, revision of operating
level of LPH - 1 and rectification of mechanical & electrical deficiencies in TG system, TG was
rolled continuously for ~ 100 h at 3000 rpm in March 1997. Salient features of TG rolling trials
were as follows:

• Turbine inlet steam pressure (kg/sq cm) - 117
• Turbine inlet steam temp. (deg. C) - 390
• Main condenser vacuum (mm Hg) - 640
• Critical speed of turbine (rpm) - 1700
• Governor takeover speed (rpm) - 2750
• No load steam consumption (t/h) - 4 - 6
• Max. eccentricity at critical speed (urn) - 32
• Vibration on bearing No.3 (limit 50um) - 22
• Overall expansion (limit 9.2 mm) mm - 4
• Differential expansion (-2.4 to +3.2 mm) - +1
• Coast down time from 3000 to 0 rpm (min) - 32

All mechanical commissioning checks were completed. During the continuous run at 3000
rpm, all electrical tests including drying of alternator winding were performed.

2.4 Future Programme

Reactor will be operated upto the power level of 12.5 MWt to achieve the following
• TG synchronisation with the grid

Maximum fuel burnup of 50,000 MWd/t
Irradiation programme for Zr-Nb alloy for PHWR programme.
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Development and fabrication of second generation neutronic channel has been completed and
the channels will be received at site in May 1997. The first generation channel had noise pickup,
obsolescence of components and maintenance problems. Hence, these will be replaced during a
long shutdown of about 3 months. The UPS is also being replaced. A spare boiler feed water pump
has been manufactured indigenously, as procuring spare parts for the imported pump was found to
be difficult. Procurement of materials for the manufacture of spare SG is in progress.

The reliability analysis of the DHR systems was carried out and it is found that the
non-availability of DHR for a mission time of 1 week is 1.1 x 10"7.

Radioactivity release to atmosphere was 37.4 Ci and man-rem consumed was nil.

3.0 PROTOTYPE FAST BREEDER REACTOR - DESIGN

3.1 Conceptual Design

Prototype Fast Breeder Reactor (PFBR) is a 500 MWe pool type sodium cooled reactor. The
4-loop concept which was taken as the reference for the preliminary design and analysis during
1985-1992 has been reviewed thoroughly mainly from economic considerations. The outcome of
these studies helped to arrive at a compact 2-loop concept which is expected to be the fore-runner
of commercial FBR in the country. For the 2-loop concept, all the major conceptual issues have
been finalised. The main options selected are given below: (fig 3)

Reactor coolant
Primary circuit concept
Thermal power
Electrical power
Fuel
Core height /diameter
Fuel pin dia / No of pins per SA
Number of PSP
Number of MX
Number of sec loops
Number of SG per loop
Number of TG
Na temp at reactor inlet
Na temp at reactor outlet
Steam condition at SG outlet
In-vessel fuel handling
Spent fuel storage
Reactor shutdown systems
Decay heat removal systems
Containment building
Reactor site
Reactor life

Sodium
Pool
1250 MWt
500 MWe
PuO2-UO2

l / 2 m
6.6 mm / 217
2
4
2
4
1
670 K
820 K
763 K at 17MPa
2 rotatable plugs + 1 TA
In water pond
2
2
RCC cylindrical shape
Kalpakkam
30 y
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Fig 3 PFBR flow sheet

3.1.1 Core

The equilibrium core configuration, fresh subassembly and peak power distribution and
linear power/burnup have been obtained using the newly developed in-house code 'FARCOB'. The
static and dynamic reactivity coefficients under various core conditions are evaluated. The value of
power coefficient is 0.462 pcm/MWt and there is 12 pcm decrease in reactivity for 10 % decrease
in flow. The contribution of differential thermal expansion between control rod and main vessel to
dynamic power coefficient is 0.125 pcm/MWt. Reactor physics aspects of the protected plant
incidents analysis were completed, from which permissible time delay in initiation of safety action
for different incidents was established. The design basis events that were considered in setting the
limits on time delay are the rupture of pipe connecting pump to grid plate and total instantaneous
blockage of fuel subassembly, resulting in melting of top one third fuel subassembly and subsequent
falling under gravity. The shielding design of the core is reviewed to satisfy the new occupational
dose criterion of ICRP-60. Streaming paths through roof slab are provided with supplementary
shielding. Neutron flux at axial detector locations below main vessel is estimated using alternate
methods of analysis. Tritium pathways and tritium release in the reactor is evaluated and the tritium
release to the environment is found to be negligible. The decay power, n-source and fission product
activity of discharged subassembly is evaluated from handling considerations. Inventories of fission
product concentrations are generated for fuel subassembly as a function of burn-up.

Design specification and detailed drawings for core subassembly, control & safety rod drive
mechanism (CSRDM) and diverse safety rod drive mechanism (DSRDM) have been completed.
Design of DSR subassembly has also been completed. Modifications required in the core
subassemblies to facilitate handling by transfer arm type IVTM were finalised and incorporated in
the design. Flow zoning of core was finalised for the computed power data. Based on the parametric
studies on the core restraint system using the code 'NUBOW-2D', it was found that the difference
in the bowing behaviour between a single pad and two pad systems is negligible for 100,000 MWd/t
burn-up. Hence a natural core restraint concept with a single contact pad at 150 mm above fissile
column top is recommended.
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3.1.2 Reactor Assembly

The bottom dished end shape of main vessel with a geometrical discontinuity at its
junction to the cylindrical portion, has been finalised after detailed investigations on buckling
under various operating conditions. Fluid-elastic instability analysis of the weir shell indicated
that the weir shell is stable under all operating condition except during fuel handling operation
which is being investigated.

Core support structure design with square grids at the central portion and radial stiffeners
around the periphery has been recommended. Structural integrity assessment has demonstrated
that even with the absence of the most critical radial stiffener, the reduction of rigidity of the
structure is within the acceptable limits from reactivity insertion considerations.

Detailed creep-fatigue analysis was done for control plug, the most critical component
in the reactor assembly and the analysis indicated that the maximum permissible reactor outlet
temperature in order to satisfy the high temperature design criteria of RCC-MR (1993) is about
780 K as per 'elastic route' and 830 K (very close to the operating temperature of 820 K) as per
detailed viscoplastic analysis using Chaboche Viscoplastic Model. Hence it is decided to
reduce the thermal load. Accordingly, it is proposed to reduce the primary and secondary
sodium flows to 20% as a sympathetic safety actions following a reactor scram. With these,
structural integrity assessment of control plug has been made which indicates that it is possible
to satisfy the RCC-MR 'elastic route' itself at a temperature of 820 K. The reduction of
primary sodium flow is also essential to limit the hot shocks on the IHX bottom tubesheet and
main vessel bottom dished end during one secondary sodium pump trip or seizure incidents.

The conceptual design of grid plate and primary pump discharge pipe have been
completed. The primary sodium is pumped into the grid plate from each primary pump through
2 discharge pipes. The primary sodium pump discharge pipes which are critical for the 2-loop
concept are analysed in detail both from plant dynamics, structural mechanics and consequences
of pipe rupture considerations (fig 4). Although overall mechanical and thermal loadings are
low, the pipe layout and thickness (15 mm) have been chosen so as to have minimum stress
(<50% of design code allowable values), thus increasing its reliability. The layout is finalised
to meet the contradictory requirements of higher flexibility in the horizontal direction for
accommodating the thermal expansion of the pipe
during hot shocks (-50 K on the metal wall) and
adequate rigidity during seismic excitations. Detailed
fracture analysis is also done with pessimistic
assumptions on the crack size (crack length is 100
and depth is 4 mm) orienting at the highly stressed
locations. Assessment made as per RCC-MR (1993)
(Appendix 16) indicates that the propagation of
crack is negligible under the load cycles involving
plant shutdowns, hot shocks and seismic events.
Sodium leakage is possible only after the component
is subjected to more than 120 times of one plant
life load cycles. With these arguments, it is worth Fig 4 FE mesh of discharge pipe
considering that a guillotine rupture of one pipe
can be taken out from the design (a level equivalent to LBB justification without leak being
monitored). However, as a philosophy under this situation, wherein ISI is not possible, effect of one
pipe ruputure has been analysed for the thermal hydraulics considerations. It results in a flow
reduction to about 23 % in 2 s. Detailed analysis shows that this is detected by 2 diverse parameters
(higher flow through unaffected pump and reactivity) and reactor is scrammed before acceptable
limits on fuel integrity is reached.
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At the IHX penetrations through the inner vessel, mechanical sealing arrangements are
opted and conceptual design of the this sealing system is finalised. The thicknesses required for
the tubesheets (120 mm), inner shell (16 mm) and inner shell of the outlet header (16 mm) have
been determined for IHX, based on detailed structural optimisation studies at the junction of
tubesheet and outer shell, effect of tubesheet thickness on the buckling behaviour of straight
tubes (19 mm OD and 0.8 mm thick) and thermomechanical behaviour under various flow zoning
options. Further, from these studies, option of 40% more flow in 6 outer rows has been
recommended.

Design of top shield design cooling system, inflatable seals and support arrangement for
rotatable plugs, vertical support system for reactor assembly, reactor vault and its thermal
insulation are completed. Design validation studies for the mechanical seals at the IHX
penetrations and inflatable seals at the rotatable plugs have been taken up. Based on the detailed
structural optimisation studies, the stiffness arrangements for the roof slab have been decided.

3.1.3 Secondary Sodium Circuit

The primary sodium circuit consists of 2 centrifugal pumps without non-return valve
(NRV). Each one is a single stage, top suction pump delivering a flow of 4.25 m3/s at a head of
75 m, and an operating speed of 680 rpm. The pump is designed for a cavitation margin of 1.4
at an available NPSH of 15.24 m of sodium. An axial diffuser has been employed to restrict the
maximum dimension of the removal hydraulic part to less than 1800 mm. Each pump is powered
by a 3500 kW solid state AC variable speed drive with speed variation from 20% to 100% of
normal speed. Each of the two secondary loops is provided with one pump which delivers 3.5
m3/s at a head of 60 m of sodium and an operating speed of 1450 rpm.

For deciding the
location of secondary
sodium pump in the
secondary circuit, three
alternative concepts ,
viz.(i) pump in the cold
leg at higher elevation
with a surge tank in the
hot leg as in FBTR, (ii)
pump in the cold leg
located at the lower
elevation, incorporated
with a piston ring seal in
the overflow line to avoid
flooding of the pump
vessel with a surge tank at
the hot leg and (iii) pump
in the hot leg without
surge tank and pump
cover gas acts as cushion
space, are being studied with reference to operational and mechanical design aspects (fig 5).
Surge tank is essential for absorbing the pressure shocks on the component following a large
sodium water reaction in SG. Locating the surge tank in the hot leg is favoured because it acts
very effectively. Pump in the hot leg has less operational problem and a marginal cost saving
with the absence of surge tank. But there is no operating experience (high operating experience

SURGE TANK SURGE TANK

ffi PUMP

IHX (2 NOS.)

PUMP IN COLD LEG
AT HIGHER ELEVATION

PUMP

IHX (2 NOS.)

PUMP IN COLD LEG
AT LOWER ELEVATION

IHX ( 2 NOS.)

PUUP IN HOT LEG
AT HIGHER ELEVATION

Fig 5 Options for locating secondary sodium pump
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is available for the primary sodium pump). Pump
in the cold leg at higher elevation option involves
higher cost because of increased pipe length and
sodium inventory. Hence pump in the cold leg at
lower elevation is preferred. There are minor
operational and control problems because of
continuous operation of EM pump which can be
handled easily.

Structural mechanics analysis indicates that
the acceptable temperature difference between the
primary temperatures from IHX outlets is about 40
K. Thermal hydraulics analysis indicates that with
one module isolated in one loop, the temperature
difference is 10 K at 90 % power. With 2 modules
isolated, this temperature difference is 24 K at 67 %
power. To achieve this, it is necessary to reduce the
core flow (to 67 %) in proportion to the power
as well as the sodium flow in the unaffected loop
(50 %) as in the affected loop (50 %) T h e
geometry of SG tubesheet junctions are profiled so
as to minimise the basic tubesheet thickness and
also to have improved thermomechanical behaviour
under thermal shock during transients. Fig 6
shows the improved profile of the SG tubesheet
junction with its header. The recommended
tubesheet thickness is 145 mm for SG.

Fig 6 Optimised shape of SG tubesheet

3.1.4 Decay Heat Removal Systems

Two diverse DHR systems, one through the normal heat transport path, referred as
Operational Grade Decay Heat Removal System (OGDHRS) and another through dip heat
exchangers in pool referred as Safety Grade Decay Heat Removal System (SGDHRS) are
provided. Continued long term DHR through OGDHRS is found to be essential for maintaining
the required system temperatures during fuel handling and maintenance. In order to realise this,
additionally, a small heat exchanger is incorporated in the steam-water circuit.

DHR through SGDHRS is envisaged during the plant upset (category 2), emergency
(category 3) and faulted (category 4) conditions. Temperature limits for the clad (1073 K for
category 2, 1173 K for category 3 and 1273 K for category 4) and cold pool components (813,
873 and 913 K for category 2, 3 and 4 events) have been established under various SGDHRS
operating conditions. In order to satisfy the temperature limits, SGDHRS consists of 4
independent loops each with 8 MW capacity. Each SGDHRS comprises of one Na-Na heat
exchanger dipped in reactor hot pool and one Na-air heat exchanger with motorised dampers on
air side. From the analysis it is noted that the clad hot spot temperature of the storage
subassembly exceeds the limiting value of 923 K, under situation of off-site power failure. Based
on this preliminary analysis, it is recommended to provide emergency power supply for the
primary pump alone to run at their lowest allowable speeds. However, detailed 3D thermal
hydraulics investigations taking into account the inter-wrapper flow phenomenon are in
progress.

90



3.1.5 Component Handling

Considerable progress has been made
in the design of component handling
systems. For handling core subassemblies
within the main vessel, transfer arm type
In-vessel Transfer Machine (IVTM) has
been selected. For transporting core
subassemblies towards the external storage,
Inclined Fuel Transfer Machine (IFTM)
with rotatable shield leg has been selected.
Spent fuel subassemblies after washing are
directly stored under water for cooling.
Conceptual designs of IVTM, IFTM, fresh
and spent fuel storage bays and their
machines, and component handling flask
have been completed. Detail design of
IVTM including detail drawings has been
completed (fig 7). Shielding for spent fuel
storage bay is designed.

Criticality studies have been
conducted for fuel storage bay to reduce
lattice spacing. Temperature evaluation is
made for spent fuel during its journey from
the reactor to the spent fuel bay. Fig 8
shows the temperatures of the clad in
a fuel subassembly with 5 kW decay
powerat various stages. Clad stages.
Clad temperatures are estimated in case the sodium filled pot carrying subassembly gets struck.
It is found that the nominal central pin clad temperature exceeds the limit (923 K) when the
pot is struck in roof slab region, rotating shield, secondary ramp and ex-vessel transfer position.
Hence cooling is required. However, it remains to be seen whether temperature limits can be
raised from the considerations of economy and avoidance of complex cooling arrangement.
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Fig 8 Clad temperature evolution during 5 kW spent fuel handling
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3.2 Plant Dynamics and Shutdown Systems

> • | SICNAt
J ; PROCESSING

The purpose of the plant dynamics study is to determine power, flow, temperature and
pressure transients under various design basis events (DBE). These parameters are essential for
deciding on the requirement of NRV, flow halving time and for arriving at reactor shutdown
parameters along with the corresponding threshold values. The evaluation of temperature,
pressure and flow are the input to the structural integrity assessment.

Various transients analysed are one primary or secondary or boiler feed water pump trip,
one primary or secondary pump seizure, rupture of one primary pump discharge pipe, offsite
power failure, uncontrolled withdrawal of a control and safety rod, total loss of feed water to SG,
one primary or secondary pump acceleration from 20 % power and feed water flow increase to
125 % in one loop. Based on these studies reactor scram and LOR parameters are identified.
Reactor is scrammed, i.e., by gravity drop
of all control & safety rods (CSR) and , fS^Li , ?^u^ ,
diverse safety rods (DSR), only for events
involving fast transients and flow blockage
in the core. For all the other events LOR
(lowering of all the control and safety rods)
is used for the reactor shutdown. The safety
criteria is to ensure the availability of
two diverse reactor trip parameters for
every DBE (fig 9).

Reliability analysis of reactor
shutdown system is being carried out for
various combinations of safety parameters
and combination of drive and rod
mechanisms.

It has been established that absorber
rod drop time should be less than 1 s so
that the reactivity transient of a few dollar
per second resulting from coolant voiding,
fuel melting and slumping can be protected
by the shutdown' system. Analysis of
reactivity transient shows that absorber rod
speed can be in the range of 1-4 mm/s. 2
mm/s speed has been decided for CSR and
4 mm/s for DSR. Scram delay time on
reactivity events should be less than 250 ms.

A8S0RMR
RODS

Fig 9 Shutdown system schematic

3.3 Instrumentation and Control (I&C)

The general philosophy to be followed and major features of I&C systems has been
decided. Design of control room is under review and man-machine interface is under study.
Conceptual design of systems for core temperature monitoring, flow measurement in primary
sodium, reactor protection, failed fuel detection and SG leak detection have been prepared.
Flux monitoring and failed fuel detection systems are under discussion.
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3.4 Core Disruptive Accident

Sodium release to RCB under CD A has been estimated at about 1.5 t, based on the
approach followed for FFTF reactor. The important input to this analysis are the transient and
quasi-static pressure of the sodium after slug impact beneath the top shield and the fraction of
the sodium mass in the reactor assembly which has potential to get ejected. These parameters
are obtained from the detailed fast transient fluid-structure interaction analysis using an in-house
computer code called 'FUSTIN'. A preliminary estimate is also made on the transient pressure
and temperature rise in the RCB for the 1.5 t of sodium release and the values are 30 kPa and
80 K respectively.

3.5 In-service Inspection

A task force has reviewed the Inservice Inspection requirement of NSS systems/
components and recommendations have been made for I SI.

3.6 Technology Development

Technology development of main vessel, inner vessel, SG and primary sodium pump are
progressing at manufacturing works. Evaluation of quotation for CSRDM is in progress. Tender
drawings and specifications for roof slab, grid plate are under preparation. Tender documents
for large diameter pipe bends, Tees and tube to tubesheet joints for 0.8 mm thick IHX tubes are
prepared. A 1:5 working model of the transfer arm has been fabricated to demonstrate the fuel
handling operations. Grade 91 welding consumable and T91 tubes for SG have been taken up for
indigenous development.

3.7 Seminars

In continuation of a series of seminars on the designs involving interdisciplinary aspects,
a workshop was held on rector shutdown system during 4-6 March 1997 at the centre. The
scope of the workshop includes regulatory aspects, design philosophy, design concepts, neutronic
& engineering aspects, existing designs, operating experience, reliability, manufacture, quality
assurance and surveillance. This workshop provided a forum for effective exchange and
dissemination of information among all those connected with nuclear reactor shutdown system
(PHWR, BWR, FBR).

3.8 Conceptual Design Report

Conceptual design report has been prepared except chapters on I&C, plant layout and
civil structures. Various plant design data viz. plant life, design basis events, safety
classification, seismic categorisation, applicable design and construction codes, computer codes,
material data and site data have been compiled.

Detailed design of NSSS is in progress. R&D works to be completed before start of
construction have been identified and priorities have been decided for completion within 2-3
years. For this, collaborative works have been established with other R&D institutes. A Project
Design Safety Committee has been constituted by the AERB. Safety evaluation is likely to be
completed in about 2 years.
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4.0 RESEARCH AND DEVELOPMENT

4.1 Reactor Physics

A new 25 group cross section data set has been prepared for FBTR Mark II core analysis
for following isotopes : Fe, Cr, Ni, Th-232, Li-6, Li-7, N, Sn, Sb-121,123, 124 and Bi. The new
25 group cross section data has also been prepared for two pseudo fission product lumps
(including 111 fission products) for PFBR core burnup analysis. A computer program to refine
the calculation of self shielding factors in a group partly covering resonance cross section region
and partly covering smooth cross section region has been prepared. The errors made in the self
shielding factors model, due to the assumption of constant background cross section and due to
interpolation on the 2D grid of temperature and back ground cross section, are quantified for
typical fast reactor cores. The multiband method of self shielding is investigated and required
subgroup parameters is evaluated for several fast reactor materials.

Hexagonal geometry power distribution has been calculated for FBTR core to estimate
precisely heat generation rates. The variation of power coefficient and burnup reactivity loss
rate as a function of burnup in FBTR has been measured.

Benchmark ULOF of Modified BN-800 reactor with near zero sodium void coefficient
of reactivity was analysed and results were presented at IAEA Consultancy Meeting of December
1996. Based on this, improvements to the pre-disassembly phase accident calculation codes
have been made.

Beam forming technique for SG leak localisation has been successfully developed from
noise data recorded on PFR steam generators during end of life experiments.

4.2 Engineering Development

4.2.1 Large Component Test Rig (LCTR)

The LCTR was operated at a maximum temperature of 773 K. The rig will be operated
at higher temperature (-820 K) after carrying out improvements to the cooling circuit of an EM
Pump. During the year the roof slab cooling circuit was commissioned and the heat flux on the
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Cover gas space and roof slab Annulus in roof slab

Fig 10 Temperature distribution in cover gas space and roof slab annulus
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Table II : Heat flux to roof slab (W/m2)

Na temperature (K)

673
773

Convection heat transfer

357
472

Radiation heat trasfer

321
345

Total heat transfer

678
817

roof slab was studied with varying cover gas heights (table II). For 80 cm cover gas height, which
corresponds to the prototype, heat flux at the sodium temperature of 773 K was 817 W/m2. Fig 10
shows the temperature distributions in the cover gas and annulus of the roof slab.

The indigenously designed and fabricated Annular Linear Induction pump (ALIP) of 5 m3/h,
at 5 kg/sq cm rating was tested in the LCTR loop for hydraulic performance and endurance at 673
K for 1000 h. The measured head flow characteristics was slightly below prediction, probably due
to the deviations in manufacture and assembly. Five more ALIP required for the in-sodium material
test facility, have been manufactured.

- DESIGNED
- EXTRAPOLATED

FROM MODEL TEST
- EXTRAPOLATED

FROM ttSrpm TES

- FROM 600 rpm TEST

4.2.2 Testing of Primary Sodium Pump (PSP)

The full size pump (hydraulic parts) of the 4
loop-PSP concept was tested at 500 and 600 rpm at
the supplier's works (fig 11). The head developed,
efficiency and NPSH have been met fully with the
specifications, although there was a small deviation in
the head vs flow characteristic curve vis-a-vis
predicted one. A full scale hydrostatic bearing
designed and manufactured at IGCAR was also tested
along with the pump and its performance was found
satisfactory. A bypass type flow meter was installed
in the pump discharge and calibrated. The
performance of the bypass flowmeter is close to the
prediction over a large range of flow. This type of
flowmeter is proposed for PFBR.

4.2.3 Testing of CSRDM Subassemblies

Development of a quick release electromagnet
has been completed. The release time of the
electromagnet is reduced by slotting the solid core
parts. Slotting requirements have been finalised
based on a theoretical analysis using an equivalent
circuit methodology. The new design is tested and the
response time is found to be ~ 100 ms for the expected
load range. A bellowless concept has been considered
or the CSRDM with elastomer seal between
the translation tube and the outer tube sheath.
Different types of seals, viz floating "O" rings, oil seal without spring and custom-built "V" seals
were evaluated for friction force and leak tightness. "V" seals of two different configurations have
been qualified for further evaluation.

3000 6000
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Fig 11 Head, NPSH and flow characterictics
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4.2.4 Air Tests on Grid Plate Model

Experiments have been completed
on the 1/3 scale air model of the grid plate
with and without baffle plate. The tests
show that the flow distribution amongst the
various subassemblies is ensured for the air
flow range from 20% to 100% simulating
operation with 2 to 4 pumps. The flow
distribution is found to be unaffected even
under simulated condition of a single inlet
pipe rupture. The pressure drop across the
grid plate has also reduced due to the
absence of the baffle plate. Hence it is
recommended not to have baffle plate in the
grid plate.
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Fig 12 Air flow distribution in 1/3 scale model

4.2.5 Dummy Fuel Subassembly Tests in Water

A full scale dummy fuel subassembly with 217 pins and 150 mm wire wrap pitch has
been tested in water for pressure drop. Additional tests are planned with higher wire wrap
pitches of 200 and 250 mm. Fabrication of blanket and absorber subassembly is in progress.

4.2.6 Flow Induced Vibration Studies on SG Model

Hydraulic tests to assess the flow distribution and
measure vibration of tube bundle are carried out on a 60
degree sector model of SG (fig 13a). The velocity
distribution measured in the inlet plenum was found matching
with prediction of the 3D hydraulic calculations (fig 13b).
Vibration measurements are carried out in the straight spans
and expansion bend regions. Although the vibration level is
found higher in the inlet span where cross flow takes place
across the tube bundle, it is within the acceptable values
based on structural mechanics analysis (fig 13c).

Probe Location .

Tube

Fig 13a 60° sector model of SG

velocity in m/s
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Fig 13b Velocity distribution in the inlet plenum Fig 13c Tube vibration behaviour

96



4.2.7 Instrumentation

Development of sodium proof ultrasonic transducer was pursued. Tests conducted earlier
had indicated that the couplant gets dried up at 523 K. To overcome this, soldering of the crystal
to diaphragm was successfully carried out with a special solder alloy. Testing was carried out
upto 493 K in silicone oil and it was found to work satisfactorily, though with reduction in echo
amplitude. Further development and long term testing is in progress.

4.3 Structural Mechanics

For the seismic analysis using random vibration theory, floor response spectra in power
density functions have been generated at all the important locations.

For the structural integrity assessment of control plug mockups, 75 thermal shocks have
been given so far, based on the preliminary estimation of crack initiation. No visible cracks have
been noticed due to the possible statistical variations in the creep-rupture properties. In order to
continue the tests, the copper cylinder which was originally provided to simulate the
temperatures on the outer shell of mock up, is to be replaced by mild steel cladded with SS.
Theoretical analysis has been completed to confirm the use of mild steel in place of copper.

For establishing thermal stripping limits, the experimental set-up to simulate thermal
striping on the horizontal plate has been built including arrangements for cooling of water to
about 280 K and heating to about 360 K.

For the thermal ratchetting studies on main vessel under moving axial temperature
gradient, a loading frame based on composite lever principles has been fabricated. Heating and
cooling systems to simulate axial thermal gradient is being installed.

LBB analysis has been completed for SG - Sodium inlet nozzle using ANSYS code as
per the conventional approach. Analysis is being repeated as recently documented in RCC-MR,
appendix A 16.

3 concrete test beds (reaction floor) have been constructed to conduct a series of CDA
experiments using TNT and low density pentolite chemical explosives. First series of
preliminary tests on cylindrical shells will start by July 1997.

Theoretical and experimental investigations are made on a l/6th scale model of primary
pump discharge pipe to estimate the collapse load with and without cracks. Crack length is
varied in the studies. Further provisions are being made to carryout LBB studies in this setup
itself.

2 SG straight tubes (7 span full size mockups) have been tested for buckling under axial
compression. The support plates are stiff in the present study. The experiment has demonstrated
that the tubes can withstand a temperature difference of 60 K as per RCC-MR (1993) buckling
design. In order to repeat the tests with realistic support grids, the support grids are being
fabricated. One stainless steel vessel of 330 mm dia and 0.5 mm thickness is tested for
buckling under axial compression. Theoretical buckling strength predicted by 'INCA' code is 3.2
t and experimental value is 3.8 t. The buckling mode shapes are predicted satisfactorily by
CASTEM 2000 code.

Towards validating SODSPIL', experiments have been conducted to generate the
preliminary data on ejection of water through the annular space in the rigid cover of the vessel
filled with water subjected to sharp pressure pulse (the shape of the pressure pulse is correctly
simulated in the test). The code predictions are satisfactory. Tests are further planned involving
pressure measurements in the tank.
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4.3.1 Computational Facilities

Very powerful computers, viz. Silicon Graphics Power Challenger (speed 125 mflops,
R8000 RISC Processor), Indy (15 mflops and R4000 RISC Processor) and Indigo 2 (35 mflops
and R4600 RISC processor) have been installed during the year at the centre. In these computers,
commercial computer codes, viz. ABAQUS version 5.5, MSC-NASTRAN, EUCLID,
MSC-PATRON and IDEAS have also been commissioned.

4.3.2 Structural Mechanics Laboratory

For carrying out specialised structural mechanics experiments in the domain of high
temperature design including ratchetting and thermal striping, buckling, seismic and leak before
break and fracture investigations, construction of a sophisticated structural mechanics laboratory
has been started in February 1997. The first phase of the construction will be complete by
December 1997.

4.4 Metallurgy

4.4.1 Tensile, Creep, Low Cycle Fatigue and Creep-Fatigue Interaction Behaviour

The creep properties of SS 316 LN base metal and weld metal are studied at 873 and
923 K in the range of applied stress from 120 to 315 MPa. The results are compared with
those obtained for SS 316. Generally the creep rupture lives of the weld metals are found to
be lower than those of respective base metals by a factor of 5 to 10. Both the base and weld
metal of SS 316LN exhibited better rupture lives compared to SS 316 base metal and weld
metal respectively, in identical test conditions.

At 923 K, the stress exponent for minimum creep rate is about 9.5 for both the base
metals, whereas it is about 12 for the weld metals. However, in the case of SS316, the weld
metal exhibited higher creep rates compared to the base metal whereas forSS316LN the
creep rate of the weld metal was lower by a factor of 5 at high stress levels and 10 at lower
stress levels, compared to that of its base metal. Both the weld metal exhibited lower rupture
elongation compared to that of the respective base metals at 873 and 923 K. Comparison
of the rupture lives of the two steels with the AS ME Code Case N-47 curves for the base and
weld metals showed that in the case of SS 316 LN, the codal allowable stresses are
over-conservative.

The tensile properties of forged 9Cr-lMo-Nb-V steel have been determined at three
strain rates (3 x 10"4, 3 xlO"5, 6 x 10"5 1/s) in the temperature range 297-973 K. In general, at
all the strain rates, the yield and the ultimate tensile strength values decreased gradually as the
test temperature was increased from room temperature to 498 K. The alloy exhibited strength
plateaus in the temperature range 498-648 K. Above 648 K, the strength decreased
marginally with decreasing strain rate. The alloy exhibited a broad minima in ductility in the
range 498-648 K. The yield and ultimate tensile strength values obtained for the forged alloy
at different temperatures have been found to be only slightly lower than those given by ASME
Sec-VIII average curve for rolled bars. The forged alloy, however, displayed much inferior
values of ductility compared to the average ductility curve reported by ASME.

A detailed understanding of the creep deformation and fracture of 9Cr-lMobase and
weldments at 823 K has been developed with a view to optimizing the performance for
steam generator applications. Creep rupture lives of weldments has been found to be
significantly inferior compared to the base metal in the range of stresses between 130-250 MPa.

98



Optical micrography and micro hardness investigations are carried out in as-welded, post-weld
heat treated and creep tested conditions. The heat affected zones (HAZ) of 9Cr-lMo steel
weldments consist of coarse grain martensite with 5-ferrite, coarse grain martensite, fine grain
martensite and intercritical structure. A hardness trough is noticed in the intercritical regions
of HAZ which becomes more predominant after PWHT and creep test.

A project has been initiated to study the effect ofTi/C ratio for optimum creep-fatigue
interaction properties of indigenously developed Alloy D9. As part of this programme,
baseline LCF data has been generated at 823 and 923 K on this alloy with a Ti/C ratio of 4. The
alloy is found to obey the Coffin-Manson relationship at both these temperatures.

The effect of temperature on the low cycle fatigue properties of this alloy has been
studied. Low cycle fatigue life peaks around 573 K and then gradually decreases.
Evidences for the occurrence of dynamic strain ageing, such as increased cyclic hardening
have been observed at 823 K. The alloy with a Ti/C ratio of 4 has also been tested in the 20%
prior cold worked condition. While at 823 K the cold worked alloy exhibited a linear strain-life
relationship, at 923 K, the strain-life relationship exhibited a two slope behaviour. The
solution annealed material exhibited better life than cold worked material at both 823 and 923
K. Preliminary hold time results indicate that the cold worked material has better
creep-fatigue interaction resistance. Tests with longer hold times are in progress.

4.4.2 Fracture Mechanics Material Properties

Reference nil-ductility transition temperature (RTNDJ) of 9Cr-lMo welds fabricated
using different diameter electrodes (2.5, 3.15 and 4 mm) were determined. There was no
significant dependence of RTNUT on the electrode diameter. Load-time curves from
drop-weight and Charpy V- notch (CVN) specimen tests were analysed for obtaining
conservative KId estimates. These were compared with the ASME Km curve (ASME Section
III, Div. I, Appendix G). The ASME Km curve is applicable to carbon and low alloy ferritic
steels with minimum room temperature yield strength of 345 MPa or less. Hence ASME Km

curve is applicable to other high alloy/high yield strength steels like 9Cr-lMo steels (the
weld has a yield strength of 550-580 MPa at room temperature) needs further validation. In
the present case, the estimated minimum dynamic fracture toughness (Kid) values obtained
for the 9Cr-lMo welds upto 323 K were lying above the ASME K^ curve. The
conservatism of the ASME K,R curve at higher temperatures needs further validation.

The CVN transition and Kid properties of 9Cr-l Mo plate steel in normalised and
tempered (N+T) and in two simulated post-weld heat treated (PWHT) conditions were also
evaluated. PWHT had no significant effect on the properties which is in conformity with the
trend in literature where this steel is stated to be remarkably tolerant to wide variations in
heat treatment conditions. Moreover, the cleavage strength of this steel was higher than that
for the weld reported above, indicating comparatively poorer fracture resistance for the weld
material.

4.4.3 Weldability

The weldability of several austenitic stainless steels was studied with particular
reference to the effect of nitrogen on cracking of type 316L stainless steel. The results
showed that in the fusion zone, cracking was greatly enhanced when nitrogen was present in the
range 0.06-0.12% with an austenitic-ferritic (AF) solidification mode, than when a fully
austenitic solidification mode is present. Analysis of the composition data from the literature
and the present results showed a possible role of phosphorus segregation in enhancing
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cracking in the mixed AF mode. In compositions with low P levels (< 0.025) and for similar
nitrogen contents, the cracking is always higher in the fully austenitic solidification mode.

Weldability of alloy 718 (material for intermediate support grids of SG tubes) was
investigated using the Varestraint hot cracking test. The calculated heat input did not show any
correlation with the hot cracking test results. However, the corresponding center line cooling
rate, calculated using Rosenthal heat flow equation, showed very good correlation with the hot
cracking test results, according to which the cracking in the fusion zone decreased with
increasing cooling rate. Fabrication weldability tests using a fillet geometry showed that
Inconel 718 was more cracking-sensitive than Inconel 82 filler for welding alloy 718.

The aluminizing process for alloy 718 was scaled up from laboratory scale to actual
scale for treating the strips for manufacture of PFBR steam generator tube bundle support
structures. Aluminizing was carried out using the low activity pack process. The process
cycle was standardised and uniform aluminide layer of 80 m thickness was obtained over 600
mm long strip.

Diffusible hydrogen (HD) measurements in the welds of three different Cr-Mo steels
namely, 2.25Cr-l Mo, 9Cr-l Mo and 0.5Cr-0.5Mo were carried out. It was found that forgiven
vol.-% of hydrogen in the shielding gas, HD was maximum for 0.5Cr-0.5Mo steel and
minimum for 9Cr-l Mo steel. However, lower HD content in the 9Cr-l Mo steel did not result
in lower susceptibility to hydrogen assisted cracking; among the three steels studied; it

showed maximum susceptibility to cracking. Effect of preheat temperature on HD was also
studied. It was found that there is substantial reduction in HD content with preheat
temperature. The results indicate that the weld prepared with preheat can tolerate higher HD
levels without resulting in cracking than those prepared without preheating. It is inferred that,
in addition to external sources of hydrogen, alloy content, microstructure and defect density
of the weld also influence the HD content in the welds.

As a part of the developmental effort towards the trimetallic transition joint(316LN
SS/Alloy 800/9Cr-l Mo steel) for the steam generator shell-nozzle junction, the effect of aging
on the interfacial microstructure and tensile properties of as-welded and post-weld heat
treated Alloy 800/9Cr-lMo steel joint (welded with Inconel 182) was investigated. These
joints were post-weld heat treated for 1 h at three different temperatures, viz. 973, 998 and 1023
K and then aged at 848 K for 100, 500, 1000 and 5000 h for accelerated simulation of
long-term elevated temperature service exposure. It was observed that aging at 848 K up to
5000 h had only a marginal effect on the tensile properties of this joint, with the Inconel 182
weld/9Cr-lMo steel interface and the 9Cr-1 Mo steel HAZ exhibiting excellent resistance to
aging induced microstructural instability. The ductile fracture toughness parameters from room
temperature tensile tests of transverse-weld specimens (corresponding to the weakest region
in the9Cr-lMo steel HAZ) lead to unambiguous identification of the optimum post-weld
heat treatment temperature of this dissimilar metal weld joint as 823 K.

4.4.4 Ultrasonic Velocity - New tool for Characterising Annealing Behaviour

Ultrasonic velocity measurements were found to characterise the recrystallization
behaviour of 20% CW alloy D9 (Ti-modified austenitic stainless steel). Ultrasonic
velocity measurements at different frequencies of 2, 5,10, 20 MHz were carried out on the cold
worked and annealed samples of alloy D9. Ultrasonic velocity measurements could
distinctly identify the recovery, recrystallization and grain growth regions, during annealing
of cold worked austenitic stainless steel. Compared to hardness testing, this technique was
found to be more accurate in characterising the annealing behaviour of cold worked
austenitic stainless steel.
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4.4.5 Microstructural Characterisation and Environmental Effects

The mechanical properties of solution annealed SS 316 LN were studied after ageing
at 1123 K for 10 h. Initially both strength and ductility increased and this could be attributed
to the formation ofCr-N clusters. On further ageing, while strength increased, ductility decreased
because of intragranular chromium nitride precipitation. SCC resistance is increased twice by
ageing the solution annealed type SS 316 LN at 1123 K for 500 h. The increase in SCC resistance
was marginal thereafter.

Several factors influencing localised form of corrosion in austenitic type SS316 LNwere
studied. These include temperature of the medium and surface treatment by N-ion implantation.
In the case of the welds, the role of solute elements have been independently examined through
their influence on the ferrite content. In all the cases, electrochemical techniques like linear
polarization measurements were employed to determine the corrosion sensitivity range and
establish the corrosion resistance regimes.

The characterisation of the as-welded microstructure in different regions of the 9Cr-lMo
weldment has been carried out by extensive cross section electron microscopy. The observed
microstructures at varying distances from the heat source have been correlated with the temperature
isotherms predicted for each region. The repartitioning of solutes, namely Cr and Mo between
the weld metal and heat affected zone has been established.

The post weld ageing behaviour of 9Cr-lMoweldments in the temperature range 823-1023
K has been extensively studied by analytical transmission electron microscopy. The secondary
phases that evolve have been identified, their chemistry established and the concept of phase
evolution diagram extended to the weldments.

Oxidation behaviour of 9Cr-lMo steel was examined under a tensile stress of 40 MPa and
temperature of 973 K for different durations in the range of 25-140 h. The integrity of the
oxide scale was monitored in-situ by recording the acoustic emission activities associated with
the cracking. Specimens were also oxidised under similar conditions without the application of
the external stress.

4.4.6 Materials for Reprocessing Applications

An ongoing study on materials for reprocessing including surface treatment of
electrodes used in electrochemical processes has yielded important results. Vapour phase
corrosion tests in boiling HNO3 were carried out and data has been obtained for advanced
construction materials (high Cr alloys like Uranus 65 and Uranus SIN). New improved Pt-Ir
containing metal oxide coatings were developed for Titanium anodes to be used in electrolytic
dissolver in reprocessing plants. A nitric acid loop has been designed and its safety review is
being done.

4.4.7 Biocorrosion of Materials in Fresh Water

Effect of surface finish on the biofouling rates of different materials was studied by
standardized harmonic mean (SHM) of drop spread determination method. It was observed
among different materials like titanium, stainless steel, admiralty brass etc., carbon steel was the
most affected (highest value of SHM). Here the corrosion causing slime formers were
gram-negative bacteria like Pseudomonas species. The influence of water quality parameters on
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the tuberculation of carbon steel (ASTM A-106-Grade B) was examined. Tuberculation of
carbon steel was initiated under the influence of iron oxidizing bacteria (IOB) and the growth of
tubercles was found promoted under sufficient supplies of oxygen and flowing water. Detailed
studies indicated that in the presence of IOB, poorly crystalline ferri hydrite formed which
then initiated tubercles and consequently promoted corrosion reactions.

Electrochemical studies on the effect of biofilms on SS 304 were carried out. It was
observed that algal dominated biofilms cause ennoblement in stainless steels. Also it was shown
that while biofilms enhanced the pitting potential (and thus decrease susceptibility to
pitting), they also increased the passive current rendering the sample susceptible to crevice
corrosion.

4.4.8 Fuel Fabrication

Studies were continued at Radiometallurgy Division, BARC, Mumbai, to optimise the
process parameters for fabrication of (Uo 8Puo 02)O2 fuel pellets of 85% T.D using UO2 and PuO2

powders with thermally stable pores suitable for use as driver fuel. The parameters optimised are
low temperature oxidative sintering in N2+air atmosphere, high temperature reductive sintering in
Ar+8%H2 atmosphere, sintering time, quantity and particle size of pore former.

Compatibility studies of the (Uo.4jPuo.5j)C with SS 316 clad at 973 K and 1123 K for the
time duration of 1000 and 2000 h has been completed. Compatibility studies of this fuel with
sodium coolant is being carried out.

4.5 Irradiation, Post irradiation Experiments and NDT Development

4.5.1 Fuel Irradiation Experiments

Irradiation of seven fuel pins has been completed. The pins were irradiated in the fifth row
of FBTR for periods ranging from 16 to 100 d at the power level of 10.1 MWt. The aim of the
experiments is to study the evolution of fuel structure at the beginning of life of the fuel in the
reactor. The linear power at the location of irradiation was about 180 W/cm. Three of the fuel pins
have 70% PuC-30% UC pellets. The other four fuel pins have two short stacks of fuel pellets -
one stack of pellets with the Mark I composition and the other stack of pellets with the Mark II
composition (55% PuC-45% UC). All the experimental fuel pins have been filled with a mixture
of argon and helium as the bond gas, to enable generation of higher temperatures at the fuel
center corresponding to irradiation at higher linear powers. The equivalent linear power generated
due to this was about 270 W/cm. Three of the experimental fuel pins have been received for post
irradiation examination in the hot cell facility. These have been irradiated for 16, 16 and 26 d.
Non-destructive examination of the fuel pins has been completed. The techniques used were
eddy current inspection of clad, X-radiography of the fuel pins, leak testing and profile
measurement. The examination has not revealed any defects. There is no swelling and the fuel-clad
gap has not yet closed.

4.5.2 Irradiation Experiments on Alloys of Zirconium

In order to determine in-reactor creep rates of Indian made Zirconium alloys, it is decided
to irradiate the pressurised capsules made of Zircaloy-2 and Zircaloy-4 Niobium alloys in FBTR.
Towards this, six pressurised capsules have been fabricated and ready for irradiation.

102



4.5.3 PIE on FBTR Fuel Subassembly

The central fuel sub-assembly (~ 2.1 kg mass, 25,036 MWd/t bum-up, 320 W/cm linear
heat rating and ~15 dpa) discharged on July 1996 was taken to the hot cells of
Radiometallurgy Laboratory for Post Irradiation Examination (PIE). In the hot cells, highly
irradiated advanced fuels are handled and examined under inert nitrogen atmosphere, where the
temperature, pressure, and purity are closely controlled. The examinations carried out on SA are
visual examination, removal of sodium, temperature and dimensional measurements, and
dismantling. The fuel pins were subjected to leak testing, ultrasonic cleaning in alcohol,
diameter measurements, eddy current testing, X- radiography, and metallography of cut sections
of the fuel. Visual examination of the fuel SA did not show any signs of corrosion or surface
defects. The SA was washed in the alcohol recirculatory system to remove the sodium.

Dimensional measurements of the fuel SA indicated that the fuel region of the SA did not
indicate any swelling or bulging of sheath. The width-across-flat was found to be generally
within the original limits of tolerance. Fuel pins did not show any corrosion or deformation
on visual examination. However, the central fuel stack region appeared discoloured. Diameter
measurements of nine pins were carried out in two different orientations, using a
measurement bench which holds the pin vertically and scans the diameter along the length using
two LVDTs fixed diametrically opposite to each other. Accuracy of measurements is within
lfi. Results indicate that the diameter is generally within the original limits of tolerance and
that there is no clad deformation.

Leak testing of the pins was carried out by evacuating a closed chamber partly filled with
ethylene glycol and the pins submerged inside it. While bubbles from a calibrated test pin with
standard defects of 0.1 mm and 0.2 mm diameter through-holes could be identified, the fuel pins
did not indicate any leak.

Eddy Current Testing (ECT) did not indicate any abnormality. Analysis of signals
indicated that the spring support inside the pin is touching the clad and contact location is varying
for the nine pins. The accuracy of location is within 2 mm. The location of spring support
determined using ECT indicated that the pellet stack length has increased. These results co-relate
well with that of X- radiography
which followed ECT. X- radiography
revealed that the pellet-clad gap and
the pellet-to-pellet gap are too small
to be measured. (Original pellet-clad
gap is within 0.11 to 0.25 mm). An
increase in the fuel stack length was
noticed. This varies from 2.171 to
5.350 mm (0.68% to 1.67%). No
gross abnormalities were observed.

One of the pins showing a
stack length increase of 0.825%
was first taken up for carrying out
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Fig 14 Micrographs of the fule cross sections
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sectioning and metallography. The fuel was found to be cracked at the centre of the fuel
column, whereas at the end, the cracking was relatively less (fig 14). The fuel-clad gap was
found to be closed due to cracking, as well as swelling of the fuel. The fuel-clad gap was
less at the centre of the fuel column, compared to the end, as expected. The presence of
marginal fuel-clad gap, as well as the gaps available in the fuel due to cracks, indicate that,
space is still available to accommodate further swelling of the fuel. However, the rate of
swelling is expected to come down, since the centre-line-temperature of the fuel will be lower
due to fuel-clad gap closure.

4.5.4 Eddy Current Inspection of FBTR Cladding Tubes

ECT was carried out at Nuclear Fuel Complex, Hydrabad and it was observed that
a large number of continuous indications were obtained throughout the length of the tubes.
In view of the large amplitude indications (poor signal to noise ratio, SNR) meaningful ECT
was not possible. This poor SNR was attributed to banding (variation in diameter of the
tubes at intervals) of the tubes. In order to solve this problem, a novel technique called
Phased Array ECT (PAECT) was carried out on 205 cladding tubes and of which, 30
tubes were rejected due to the presence of defects.

4.5.5 Commissioning of KAMINI Reactor

30 kWt U-233 fuelled KAMINI reactor was made critical in October 1996 and will be
used for activation analysis and neutron radiography. It is located below the hot cell of
radiometallurgy laboratory. Fig 15 shows a view of the KAMINI reactor.

Fig 15 A view of the KAMINI reactor
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4.6 Chemistry

4.6.1 Thermochemistry

Ca-Ga alloys are used for the recovery of actinides from molten salts which have been
used in pyrochemical processes. The formation actinide-gallium alloys greatly facilitates the
extraction of actinides from the salts. Hence thermodynamic investigations on U-Ga alloys have
been carried out. The enthalpies of formation of the intermetallic compound, UGa3 at 298.15 K
and at 1038 K were determined by gallium solution calorimetry and precipitation calorimetry
respectively. The enthalpy of formation of UGa2 at 1563 K was determined by precipitation
calorimetry. A molten salt emf cell technique employing CeCl3/(LiCl+KCl) as the electrolyte
was employed to determine Gibbs free energies of formation of CeNi5 which is of interest for
understanding the fuel-clad interaction mechanisms during the irradiation of (U-Pu-Zr) fuel.

Oxygen potentials of (UoVTho\)O2+X (Uo 77Tho 23)O2+X and (Uo 54Tho.46)02+x were
measured in the temperature range of 1073-1173 K using a gas equilibration method. H2/H2O,
CO/CO2 and CO2/H2 gas mixtures were used for fixing the oxygen potentials in these studies.
The oxygen potentials measured were in the range of-450 to -220 kJ.mol"1 and the oxygen to
metals ratios ranged from 2.000 to 2.040.

The formation of solid solutions of (ULyGdy)^ (0.2< y < 0.8) in the high carbon
region, have been studied in the temperature range 1063-1673 K. The solid solutions were
prepared by blending the stoichiometric amounts of oxides with graphite and heating the mixture
in the form of a pellet to the reaction temperature in a high vacuum chamber. The effusion
pressures of CO in the vacuum chamber were correlated to the equilibrium pressure of the
system, according to a new method developed in our laboratory. From the equilibrium CO
pressures calculated, the Gibbs energies of formation of the different solid solutions were
determined, by taking the appropriate free energy data of the oxides, graphite and the CO phases
from standard thermodynamic tables. The temperature dependence of free energies of formation
was also determined.

The thermodynamic study of rare earth dicarbide systems is essential in understanding
the chemical state of fission products in the mixed carbide fuels used in fast breeder reactors.
Thermodynamic properties of one such carbide, lanthanum dicarbide (LaC2) in the temperature
range 1263-1543 K have been determined by using the new method referred to above.

The carbon potential corresponding to the two-phase mixtures LaC2-La2C3 and
CeC2-Ce2C3 were measured for the first time, in the temperature range of 973 K to 1173 K, by
using the methane-hydrogen gas equilibration technique. The measured values of the chemical
potential of carbon are in good agreement with the evaluated data.

4.6.2 Development of Nuclear Techniques for Non-destructive ASSY OF SNM

Assay of plutonium bearing waste is essential both from the point of view of nuclear
material accounting as well as waste disposal. The standard technique for this purpose is high
resolution gamma spectrometry using segmented scanning of the sample. A new easy-to-use
segment correlation method has been developed to correct for the contribution from the
neighbouring segments of the sample to segment under assay. Correction for attenuation of the
gamma radiation due to the high density of the sample was carried out by using a point source
of 133Ba which has gamma lines near the lines of 239Pu. The total plutonium inside the pins was
estimated correctly to within 5%. The plutonium and all fission products were confined to the
fuel zone and no signature of any fission product or fuel was seen outside this zone. The fission
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products seen were 106Ru, 137Cs and 144Ce. The burn up seen by the two pins was computed using
the total amounts of these fission products and was around 1 MWd/t. Radionuclides seen from
the clad were 54Mn, 60Co, 125Sb and !82Ta. The activity profile along the pin for 54Mn reflected
the fast flux while the profile of 60Co was seen to reflect the thermal flux profile. Comparison
of the experimentally determined activities of 54Mn with calculations revealed reasonable
agreement while the experimentally determined activity of 60Co was much lower than
calculations.

4.6.3 Reprocessing Chemistry

Tri-n-amyl phosphate (TAP) is a promising extractant for use in fast reactor fuel
reprocessing. The effect of diluent on the enthalpy of extraction of uranyl nitrate by tri-n-amyl
phosphate was studied in the temperature range 283 K to 303 K employing a number of diluents
including isooctane, n-dodecane, cyclohexane and benzene. Except o-dichlorobenzene, all the
diluents gave almost comparable enthalpy values.

The effect of solvent structure on the enthalpy of extraction of americium (III) nitrate was
studied using various trialkyl phosphates such as tri-n-butyl phosphate (TBP), tri-isobutyl
phosphate, tri-n-amyl phosphate (TAP), tri-isoamyl phosphate and tri-n-hexyl phosphate. The
results indicated that the enthalpy of extraction decreased in the order TBP>TsBP>TAP>TiAP
THP. This behaviour was in contrast to the variation of the enthalpy of extraction of uranium
(VI) with the alkyl carbon structure of the trialkyl phosphates reported in literature.

Studies on extraction of Am (III) from high active waste (HAW) solution have been
initiated. The extractant CMPO (Octyl, Phenyl - N,N-diisobutyl Carbamoyl Methyl
Phosphinoxide) has been synthesised and its extraction behaviour characterised. Studies have
been taken up on third phase formation in the extraction of Nd(III) by CMPO, with TBP and as
modifiers. The data measured employing TAP indicate that this modifier can permit high
organic loadings without third phase formation.

4.6.4 Development of Hydrogen Meters

An electrochemical hydrogen meter based on ternary molten salts with CaCl2 and CaHCl
as two components of the electrolyte was constructed and tested in a bench-top sodium loop.
Further tests regarding the long term performance of the meter are in progress.

A hydrogen sensor based on a proton conducting polymer (Polyvinyl alcohol - phosphoric
acid) working on the amperometric principle was developed and tested. This sensor responds
well even for 1 ppm of hydrogen in argon. The long term stability of this sensor is being
evaluated with a view to use it in place of the thermal conductivity detector in cover gas
hydrogen monitor.

4.6.5 Sodium Removal and Decontamination

A comparative study of different solvents used for sodium removal from the structural
components was made. Experiments were carried out in the temperature range of 303-343 K to
find out the effect of solvent, orientation and exposed area of sodium surface on the dissolution
rate in solvents such as ethyl carbitol, butyl cellosolve and Jaysol-SS vary in the ratio of 1:1.2:2.4
respectively. At low temperatures (-303 K), the rate constant increased 2.5 times when the
exposed surface area of sodium increased by 2.5 times, but at higher temperatures this increase
was only marginal, indicating that the reaction temperature has greater role to play than the
surface area. The orientation of the sodium sample has very little effect on the dissolution
kinetics.
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4.6.6 Experimental studies on Equation of State of UO2

Equation of state and in particular, vapour pressure data on nuclear fuel materials at very
high temperatures (2500-5000K) are especially required to analyze accident conditions. A laser
induced vaporisation mass spectrometric (LIV-MS) facility has been developed to measure these
high temperature vapour pressures of fuel materials. Initial experiments are carried out on UO2

and the vapour species observed are U, UO, UO2, UO3 and O and their partial pressures are
measured over a temprature range of 3,300 K to 5,500 K in which the total pressure changes
from 0.05 MPa to 6.5MPa.

4.6.7 Studies on Vaporization behaviour of TeO2 and MnTe

To generate thermodynamic data which could lead to a better understanding of the role
played by tellurium in fuel-clad chemical interactions in fast reactors, Knudsen effusion mass
spectrometric studies on compounds of tellurium were continued. Vapourization behaviour of
solid TeO2 and solid MnTe were investigated.

4.6.8 Studies on Phosphate Ceramics for the Use in Nuclear Waste Disposal

A series of phosphate ceramics of the formula A M2(PO4)3 [A=Ca, Sr; M = Ti, Zr, Hf and
Sn] belonging to the calcium titanium phosphate family have been synthesised and their thermal
expansion behaviour investigated. These compounds are candidate matrices for nuclear waste
immobilization. The thermal expansivity and expansion anisotropy of the compounds in the
temperature range of 300 -1273 K have been found to depend on the nature of the metal ions
in the interstitial space and structural framework. The observed expansion behaviour has been
explained in terms of the crystal chemistry of the compounds.

4.6.9 Determination of Boron and Antimony in Sodium

The conventional sodium distillation method(sodium distilled off in vacuum and the
residue after suitable dissolution analysed for the impurities) was found to be suspect for the
determination of boron. Standard addition studies did not yield quantitative recoveries. Hence
an alternative method was standardised which involves dissolution of sodium in high purity
water under argon atmosphere and the resulting sodium hydroxide solution was passed through
an ion exchange column to selectively remove the B and Sb from the sodium. The eluate was
concentrated and analysed by ICP-MS. The method was standardised using the standard addition
technique. The detection limits of the method for B and Sb was found to be 0.1 j^g/g of sodium.
Primary sodium samples received from FBTR were analysed using the above method.

4.7 Fast Reactor Reprocessing

Construction of fast reactor fuel reprocessing plant (1 kg/d) is in progress. Reprocessing
of experimental thermal reactor irradiated thorium rods is being started for recovery of U233.

4.7.1 Reprocessing Flowsheet Studies

The first core of FBTR uses 70% PuC-30% UC. Reprocessing of this fuel with high Pu
content requires special attention and computer simulation becomes essential. Towards this,
SIMPSEX (SIMulation Program for Solvent Extraction) code has been developed, which
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has an efficient model for PUREX
distribution equilibria, based on activity
considerations for key components and can
handle 13 components. As data required for
thermodynamic analysis is available only
for 30% TBP/diluent system, SIMPSEX
model is applicable to only to 30%
TBP/n-dodecane. The code was used for
the analysis of various U/Pu ratios enabling
the prediction of concentration profiles for
FBTR and PFBR fuels. Fig 16 shows a
comparison between experimental,
SIMPSEX and SEPHIS simulated Pu
stage profiles for a typical run.
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Fig 16 Prediction of Pu stage profiles

4.7.2 Prediction of Densities of Aqueous Solutions Containing Electrolytes

It was observed that the densities of aqueous solutions containing UO2(NO3)2, Pu(NO3)4

and HN03 could be correlated better as a function of individual solute concentrations and the
coefficients in turn can be correlated as a function of temperature. The published data containing
about 705 points with Solute concentrations - U : 0 - 6O4xlO3 kg.m3, Pu: 0 - 730xl03 kg.m"3 and
nitric acid 0 to 16 kmol nr3 and temperature range of 283.15 K to 348.15 K were correlated with
an error of 0.75%.

4.7.3 Removal of Solubilised Extractant from Aqueous Streams

Experimental studies for the removal of dissolved TBP in aqueous solutions by adsorbing
on a fixed bed containing Amberlite XAD-4 resin were conducted. Break through curves were
established for different flow rates and feed concentrations of TBP in aqueous solutions. Break
through capacity, saturation capacity and mass transfer zone length (MTZ) were estimated and
the MTZ length was correlated. The distribution data of TBP on resin were measured and the
equilibrium data were fitted to Freundlich isotherm model.

4.7.4 Development of Fluidic and Metering Devices

Fluidic devices are gaining more importance in reprocessing plants and works have been
done on vortex diodes, by which, a resistance ratio of about 50 has been achieved so far. Design
codes are developed for the design of reverse flow diverter (RFD) pumps and constant volume
feeders are developed for very low capacity (1-5 1/h) using bent pipes and cylindrical buckets.

4.8 Safety Research

4.8.1 Sodium Concrete Interaction Studies

An experimental run on sodium-concrete interactions was carried out by bringing 2 kg
of sodium at 773 K in contact with limestone concrete block (area exposed to sodium 190 sq.cm,
thickness 175 mm and mass of 7 kg) for a duration of 45 min. The concrete block was kept in
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a leak tight vessel of 20 1 capacity under argon atmosphere. Hydrogen release reached a value of 8%
(by vol) over a period of about 77 min. and maximum rise in pressure of the chamber was about 70
kPa over the duration of the experiment. Ultrasonic investigations of post-test specimen indicated
internal damage upto 95 mm of the thickness. However, no gross axial or radial deformation of the
block was noticed. Characterisation of sodium concrete reaction products as a function of depth of
sodium penetration in concrete is in progress.

4.8.2 Air Cleaning Systems for Sodium Fire

An experimental set up of a submerged bed scrubber has been designed (with provision of
1.31 bed volume and about 6 1 water and with overall size of 220 mm dia 560 mm height) for trials
on its performance of removal of sodium aerosols in sodium fire containments. Two experimental
runs were carried out by burning about 100 gm of sodium in one and 150 gm in another. The
sodium fire duration was about 90 min. and throughout the period air flow rate was maintained at
20 1/min. For pebble bed size of 8 mm to 13 mm, the sodium aerosol removal efficiency was in the
range of 85 to 90%.

4.8.3 Simulated Fuel -Coolant Interaction Studies

Experimental trials were carried out with tin-water, lead-water and zinc-water systems,
keeping the melt temperature at 873 K. The melt to water mass ratios were 0.1 and 0.3. The results
brought out the suppressive role of melt surface tension and viscosity on the explosivity.
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