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ABSTRACT

Electricity growth rate in India in 1998-99 improved compared to the previous year and
the installed electric capacity reached 93.25 GWe. The thermal nuclear power plants performed
very well with average capacity factor of over 72%. The Kalpakkam Reprocessing Plant was
commissioned.

FBTR was operated at various power levels and a peak fuel burn-up of 49000 MWd/t
achieved. Test irradiation of Zr-Nb was undertaken in FBTR for the PHWR programme.
Refurbishing of the plant included new state of the art neutronic channels.

Detailed design ofPFBR was continued. The review of the chapters of the PSAR by an
IGCAR Internal Safety Committee and by the AERB PFBR-Project Design Safety Committee was
continued. Work on Environmental Impact Assessment Report, for obtaining clearance from the
concerned environmental authorities, for the project has been started. Technology development
for PFBR included core subassemblies, main vessel, inner vessel, IHX, steam generator, roof
slab, drive mechanism, control plug etc. Indigenous manufacture of raw materials has been also
taken up.

R&D in reactor physics, shielding, engineering development, instrumentation, thermal
hydraulics, structural mechanics, metallurgy, non-destructive examination, chemistry,
reprocessing and safety was continued. These include cover gas heat and mass transfer, SA
hydraulic tests, thermal striping studies, fuel development for PFBR, corrosion and material
property studies on steels, PIE ofFBTRfuel and developments for the pilot plant for fast reactor
fuel reprocessing.

1.0 INTRODUCTION

The GDP growth rate, in India, was 7.8% in 1996-97, decreased to 5% in 1997-98 and
partially recovered to 5.8% in 1998-99. The economic development in India was affected by
turbulent and unfavourable international economic environment, unusual volatility in capital and
forex markets of industrialised countries and continuing drought in capital flows to developing
countries. The GDP growth rate in 1998-99 was led by the 'agricultural and allied" sectors and
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the "trade, hotels, transport and communications" sector. However, the industrial growth rate
declined and the mining sector stagnated partly as a reflection of decline in global prices.
Electricity growth rate improved in 1998-99 compared tothe previous year.

Total foreign exchange reserves at the end of January 1999 amounted to US $ 30.4 billion
which provides cover to about 7 months of imports in 1998-99. India's stock of external debt at
end September 1998 stood at US $ 95.2 billion as against US $ 93.9 billion at end March 1998.
The debt service payments, as a ratio of current receipts, continued to improve over the years
declining from 30.2% in 1991-92 to 19.5% in 1997-98.

1.1 Energy Scenario

Economic growth calls for matching growth rate in infrastructure. Growth rate of
demand for power is found to be higher than that of the GDP in developing economies. While
the ratio was over 3 in the fifties, and reached over 5 in the sixties, it came down to 1.65 in the
eighties and was projected as 1.5 for the nineties. A desirable rate of growth of GDP being 7%,
the rate of growth of power supply needs to be over 10% annually. While the Power Sector had
been mainly funded by budgetary support and external borrowings, growing limitation on such
support, has necessitated allowing private enterprises a larger role. The Indian Electricity Act,
1910 and Electricity (Supply) Act, 1948 were amended to provide for private investment in
power transmission. This is in tune with the overall attempt of the government to refocus
priorities to those areas which are the basic responsibility of the government and to withdraw
from areas where private initiatives could achieve the same goals more effectively.

Bulk of the generating capacity (nearly 70%) in India is owned by the different State
Governments. The Central Government run public sector National Thermal Power Corporation
(NTPC) continued to perform extremely well in 1998-99. Capacity addition of 940 MWe during
the year took the total generating capacity to 17735 MWe, with a long term corporate plan to
become a 30,000 MWe plus company by 2007. NTPC is India's largest power company and
sixth largest thermal power generator in the world. It generated 109.5 TWh at an average plant
load factor of 76.7% in 1998-99.

The coming future for the power generation sector appears to have many changes,
specially due to participation of private enterprises. The patterns of ownership of assets will be
significantly different, and the norms of project implementation, plant availability and reliability,
operations and so on changed to match international standards. The emerging competition from
Independent Power Producers, stringent environmental regulations, funds constraints, fuel supply
uncertainties will have major interrelated impacts on all the power suppliers, including nuclear
power.

1.2 Electric Capacity

Total installed electric capacity in MWe at the end of March 1999 is as follows:
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Coal

Hydro

Gas

Nuclear

Wind

Diesel

Total -

i in MWe during 1998-99

Thermal (incl. Gas)

Hydro

Diesel

Wind

Total

57929

22438

9090

2225

968

598

93248

was as follows:

3245

547

222
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1.3 Nuclear Power

The operating performance of the nuclear power plants for 1998-99 is tabulated below.
The performance has well exceeded the targets set and the generation has exceeded last year's
generation by over 16%.

Unit

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

TOTAL

Rated Power
MWe

160
160
150
200
170
170
220
220
220
220

1890

Generation
TWh
1.298
0.996
0.827
0.990
1.065
1.023
1.316
1.492
1.388
1.507

11.902

Capacity
Factor %

92.6
71.1
63.0
69.0
75.4 |
71.5
68.3
77.4
72.0
78.2
72.5
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RAPS-2 was synchronised to the grid on 6th June 1998 after enmasse coolant channels
replacement. MAPS-1 was subject to in-service inspection of coolant channels. The Kaiga
project comprising two PHWRs of 220 MWe each progressed and the reactors are expected to
achieve criticality in June 1999 (Kaiga 2) and June 2000 (Kaiga 1).

The Rajasthan project (3 & 4) also of 2 x 220 MWe PHWRs progressed and the hydro-
test of the primary heat transport system and hot conditioning of Unit 3 is to be completed
shortly. The civil construction activity for the Tarapur project (3 & 4) for 2 x 500 MWe PHWRs
was started in October 1998. The scheduled completion dates are October 2005 for Unit 4 and
July 2006 For Unit 3.

The Indo-Russian joint venture project at Kudankulam for 2 x 1000 MWe of pressurized
water reactors (VVER) had its implementation started by signing of the contract for the Detailed
Project Report.

The Kalpakkam Reprocessing Plant (KARP) of 100 T/a capacity was hot commissioned.

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 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 is operated at various power levels upto 11.5 MWt. The present Mark I core with
29 fuel subassemblies (SA) (see fig. 1) is capable of generating 12.5 MWt at 320 W/cm peak
linear heat rating. TG was synchronised to the grid for the first time in July 1997. During this
year reactor remained shutdown up to June 1998 to complete major refurbishing works. For the
balance period, irradiation of six experimental SA carrying Zr-Nb capsules was done at a power
level of 8 MWt for determination of in-reactor creep rate, through post-irradiation examination,
for the PHWR programme. FBTR has logged 21150 h cumulative operating time since first
criticality, out of which 7130 h has been at high power ( 8 to 11.5 MWt).

2.1 Reactor Operation

During the year reactor operated for 2440 h (refer fig. 2), out of which 1720 h was at 8
MWt for Zr-Nb irradiation experiments. To simulate the temperature conditions of PHWR, the
reactor inlet temperature was limited to 581 K by restricting the reactor power to 8 MWt. The'
heat transport parameters during the operation were as follows:

Reactor inlet / outlet temperatures
Primary sodium flow through core
Sodium temperature at SG inlet/outlet
Feed water flow
Steam temperature
Pressure

576 / 642 K
330 cu.m/h
638 / 564 K
18t/h
599 K
117 Kg/cm2
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The following were achieved during reactor operation:

Irradiation campaign no. 006 was completed and campaign no.007 started.
Completion of irradiation of Zr-Nb capsules.
Maximum fuel burn-up of 49,000 MWd/t for Mark I (70% PuC 30% UC) core without
any failure.

2.2 Major Refurbishing Works

The following major modifications / refurbishing works were completed :

Replacement of neutronic channels by modern system. The salient features of the new
system are pluggable modules facilitating on-line maintenance at module level, reactivity
computation by software based microprocessor system, use of superscreened coxial cable and
opto-isolators to enhance the noise immunity of the system. All the controls required for on-line
testing and calibration of the channel are on the front panel.

Replacement of uninterrupted power supply (UPS) system with modern system along
with battery banks of plate cells having longer life. The new UPS is a static system using
compact static converter known as 'Convertron' as the functional unit consisting of charger,
inverter, static switch and output contactor housed in a single cubicle. Each UPS bus consists of
two Convertron units, each rated at 150% of the bus load (15 kVA). The capacity of the back up
source (battery banks) is 45 kVA and its voltage output is regulated. During normal service the
invertor will follow the grid frequency within a band of 50 ±2 Hz and within the band the
transfer from invertor to back up source and vice versa is synchronous and the transient
performance is better.

Replacement of one main boiler feed pump by an indigenously manufactured pump. The
salient features of the new eleven stage pump include similar flow-head characteristics as the
original pump. NPSH required at rated flow is 4.3 mlc as against 6.9 mlc for the original pump.
The new pump runs at 3600 rpm as against 5700 rpm of the old pump. Unlike the old pump, the
indigenous pump does not have inter-stage hydrostatic bearing. After installation, the pump was
tested under cold and hot conditions. The vibration velocities were found to be high (32 mm/s)
at 423 K and the pump has been dismantled and sent back to supplier's works for rectification.

Loopwise segregation of instruments and power supplies of secondary sodium system to
avoid common mode failure was completed. This required draining of secondary sodium loops
and primary sodium was kept hot (453 K) by circulation of heated secondary sodium through
IHX fill & drain lines utilising storage tank surface heaters.

The fire safety of the plant was improved with augmentation of different types of fire /
smoke detectors alongwith a new PC based analog addressable system and additional cable fire
barriers. The different types of detectors used are ionisation smoke detector, optical smoke
detector, flame detector and beam master set which are located in different buildings depending
on the requirement.
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2.3 System Performance

The performance of reactor systems, sodium systems, control rod drive mechanisms and
other safety related and auxiliary systems was satisfactory. The primary and secondary sodium
purity has been maintained below the plugging temperature of 378 K. Analysis of sodium
samples taken from primary and secondary loops were found normal for nuclear grade sodium.
Steam generators have been in operation for 7140 h without any water / steam tube failure. The
four sodium pumps and their drives are operating very well and have logged 95,825 h (primary-
east), 84,765 h (primary-west), 1,00,983 h (secondary-east) and 81,317 h (secondary-west) of
operation. During reactor operation, flow fluctuations were observed in hydrodynamically
coupled primary east and west loops accompanied by power fluctuations, but these were easily
controlled by operating control rods.

2.4 Shutdown Jobs and Other Works

Hydrogen in Argon Detector (HAD) in the secondary sodium east loop cover gas system
was calibrated at 523 K by injecting hydrogen in the expansion tank. A sensitivity of 0.24 V/100
vpm of hydrogen was achieved. Response of HAD was tested by injecting hydrogen in sodium
at 453 K and as expected 65% of the total quantity injected in sodium was detected in cover gas.
HAD commissioning work in the west loop is in progress. With good response of this system at
lower sodium temperature, the sodium temperature for putting SG in service on water side, can
be lowered from 523 to 453 K.

Various modifications for improved performance of different systems, preventive
maintenance and surveillance activities were carried out during shutdown periods. Some of the
important activities were inspection of annular gap between reactor vessel and large rotating
plug, iodine efficiency testing of RCB filter banks and grid plate level measurement using
CRDM. Five fuel handling campaigns to load / discharge Zr-Nb capsules in experimental SA
and load fuel SA were completed.

Two electro-chemical meters in secondary sodium (east) loop in SG leak detection circuit
were replaced with modified meters having better constructional features. They are working
well and are being observed for their performance.

2.5 Future Programme

To seek safety clearance for enhancement of burn-up and carry out the following:-
- Physics and engineering experiments
- TG operation with the grid.

Simultaneously to make preparations to take the reactor to full power by loading Mark II core.

3.0 PROTOTYPE FAST BREEDER REACTOR (PFBR)

PFBR is a 500 MWe, pool type sodium cooled reactor which has 2 primary pumps, 4
IHX and 2 secondary loops with 4 SG per loop. The reactor inlet and outlet temperatures are 670
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K and 820 K respectively. The steam temperature at SG Turbine Stop Valve is 763 K at 16.7
MPa. Conceptual design work except plant layout has been completed. Detailed design is in
progress.

An Internal Safety Committee has been formed to review the PSAR along with a Project
Design Safety Committee (PDSC) constituted by Atomic Energy Regulatory Board (AERB). So
far PDSC has reviewed the chapters on design basis, reactor physics, core engineering, reactor
assembly, component handling and storage, heat transport sodium circuit and R&D.

AERB has constituted a Site Evaluation Committee (SEC) in June 1998 for checking the
acceptability of Kalpakkam, the proposed site. Site Evaluation Report has been submitted to the
committee. The committee has started its review on seismic, geological, hydrological,
meteorological, flooding, effluent discharge aspects and man induced events. The review is
expected to be completed by June 1999.

Tender document for carrying out the detailed system engineering for the balance of plant
(BOP) and integration with NSSS has been issued and the consultant will be in place by
September 1999. Steps have been initiated towards preparation of Environmental Impact
Assessment Report for obtaining clearance from the concerned environmental authorities.

Construction of PFBR is likely to start by April 2001. Government has sanctioned about
Rs. 560 million (14 million US $) for indigenous materials development, construction of site
assembly shop and infrastructure development (roads, construction office, security wall etc).

Some important detailed design activities completed during the period of this report are
given below.

3.1 Core

3.1.1 Pressure Drop of Fuel SA

Analysis was carried out to validate the
in-house developed code SAPD against the water
test results on foil scale SA for bundle pressure
drop using Cheng's and Pontier's correlations.
The results are compared with the experimental
data. Cheng's correlation under-predicts the
bundle pressure drop against the experimental
results. The results are well within the uncertainty
band of ± 14% with the prediction by Pontier's
correlation which are shown in fig. 3.
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Fig. 3. Pressure drop prediction
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3.1.2 Reactivity Oscillations During a Design Basis Seismic Event

Dynamic response of entire core SA
(181 fuel, 186 blanket, 72 reflector and 12
control SA) has been predicted using the in-
house code CORESEIS under horizontal and
vertical excitations corresponding to 0.156 g
ZPA. The peak displacements are 20 mm and
2.2 mm respectively in the horizontal and
vertical directions. Subsequently the reactivity
oscillations are estimated for each SA
knowing the displacements. The oscillations
for the central SA are shown in fig. 4. Finally,
the net reactivity is computed at each time step
by algebraic addition. The analysis indicates
that the maximum net reactivity oscillation
does not exceed 10 pcm which is very small. Fig. 4. Reactivity oscillations due to

central SA

3.1.3 Sodium Flow Distribution in CSRDM Shroud Tube

Each drive mechanism is housed inside a perforated cylindrical shroud with 15 rows of
holes on its periphery to protect the drive mechanism against flow induced vibration. Sodium
flow from the core enters the shroud tube

Bottom Top
i i i I i t i i i i i t t •

through the annular space between the
CSRDM and the shroud tube and comes
out of it to the sodium pool through the
peripheral holes and through the axial
opening at the top. 3D hydraulic analysis
is carried out on the shroud tube with one
flow restrictor above each row of holes.
The flow restrictors help to reduce the
sodium velocity near the free level less
than 0.5 m/s to minimise the gas
entrainment. The computed maximum
free level velocity is 0.24 m/s (axial) and
0.42 m/s (radial) which are acceptable
with respect to flow induced vibration
and gas entrainment considerations. The
distribution of axial, radial and resultant
velocities through different rows of holes
are shown in fig. 5.
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Fig. 5. Velocity at different rows

76



3.2 Reactor Assembly

3.2.1 Temperature Distribution on the Main Vessel

Detailed temperature distribution
in the annulus between main vessel and
thermal baffle along axial and
circumferential directions have been
obtained by 3D thermal hydraulic
analysis using PHOENICS code.
Analysis is done taking into account the
non-uniformity of the gap due to the
manufacturing tolerances. Analysis
indicates that the average temperature of
the main vessel is ~ 680 K with the local
rise of ~ 10 K in the vicinity of the
coolant tube exit. These temperatures
are within the structural material limits
with respect to embrittlement, creep and
thermal buckling risks. Sodium flow
distributions in the annulus with uniform
and nonuniform gaps are shown in fig.
6.

, . - • • • . •
• <

"i
Fig. 6. Flow distribution in annulus

3.2.2 Thermal Ratchetting Estimation on the Main Vessel Near Sodium Free Level

Accumulated strain, creep and fatigue damage
on the main vessel in the vicinity of sodium free level
during safety grade decay heat removal (SGDHR)
operations due to thermal ratchetting mechanism have
been estimated by carrying out detailed viscoplastic
analysis with '23-Parameter Chaboche Model'. The
results are validated using the very relevant benchmark
problem called 'VINIL TESTS' conducted at CEA,
Cadarache. At the end of 120 SGDHR cycles, the vessel
deformation spreads over a length of 900 mm near the
vicinity of sodium free level, with a maximum value of
-15 mm (inward) as indicated in fig. 7. The
accumulated strain is 0.2 % and creep damage is 0.24.
Fatigue damage is negligible. Thus the codal limits are
met. The deformation (15 mm) is less than the
thickness (25 mm).
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Fig 7. Accumulation of hoop strain
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3.2.3 Structural Integrity Assessment of Main Vessel Under CDA

For 100 MJ work potential with the equation
of state derived from physics calculation (initial peak
pressure and volume of core bubble are 3.5 MPa
and 2.5 m3 respectively), the main vessel without
internals is analysed using the in-house code
FUSTIN. The maximum strains in the vessel are 0.8
% and 3.2 % respectively in the upper portion and
bottom dished end respectively. Slug impact is found
to be absent. In order to analyse with all the
important internals, the code FUSTIN has been
improved by incorporating a 'two phase element'
which can be pure liquid or its vapour, or liquid plus
gas, or liquid vapour and gas. The code is validated
by solving an international benchmark problem
called CONT. Fig. 8. shows the evolution of mesh
deformations up to 300 ms. Analysis indicates that
vessel internals reduce the roof pull-down load
offered by the vessel significantly (fig. 9) and the
strain in the main vessel tends to become localised
with a marginal decrease in peak value (fig. 10).

Fig. 8. Mesh deformation
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Fig. 9. Pull-down load on the roof
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Fig. 10. Hoop strain profile
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3.2.4 Analysis of Primary Pipe Rupture Event

Rupture of one of the four pipes is
analysed for the determination of
reduction of flow to the core and
subsequent temperature rise of the coolant
and clad using the pump characteristics
under cavitating condition. The core flow
reduces to 39 % in 0.1 s. A parametric
analysis in relation to the data used have
been carried out. From the literature, it is
confirmed that there is no risk of flashing
and pump performs satisfactorily under
cavitating condition. The maximum clad
hot spot temperature is 1195 K and there is
no risk of bulk sodium boiling during the
event. Fig. 11 shows the evolution of these
temperatures.
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Fig. 11. Power and temperature evolution

3.2.5 Thermal Hydraulic Analysis of IHX Secondary Sodium Outlet Plenum

A two dimensional axisymmetric thermal
hydraulic analysis has been carried out to estimate
the flow and temperature distribution (fig. 12) at the
secondary sodium outlet plenum and thereby the
temperature difference between the inner and outer
shells is estimated. This analysis has been carried
out using PHOENICS code, employing the K-s
model. There is no complete mixing between inner
and outer rows of sodium. The difference in the
average wall temperatures of inner and outer shell is
found to be 14 K compared to the sodium
temperature difference of 23 K at the inlet of the
plenum, which is acceptable from the thermal stress
point of view.

3.2.6 Thermal Striping Limits
Fig 12. Flow and temperature at IHX

secondary Na outlet plenum

Based on (1) cr-d approach included in the latest edition of RCC-MR and (2) the
creep-fatigue damage assessment rules with the presence of high cycle fatigue recommended
by DCRC for EFR, an improved design rule has been proposed for establishing thermal striping
limits for PFBR. As per this, the limits are proposed for the base metal and weldment of
austenitic stainless steel as a function of low cycle fatigue (LCF). For locations where the LCF is
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negligible, the recommended limits are 95 K and 85 K respectively for the base metal and welds.
For locations where LCF is significant (plate-shell junctions of control plug, inner vessel and
main vessel), the limits are 40 K and 35 K respectively for the base metal and welds respectively.

3.3 Secondary Sodium Circuit

3.3.1 Vibration and Seismic Analysis of Main Sodium Pipelines

Seismic analysis has been carried out for the hot and cold secondary sodium pipings by
'multi-support excitation method'. Towards this, all the important natural frequencies starting
from 1.2 Hz to about 40 Hz which are also useful for the vibration check, have been extracted.
Design adequacy is checked as per ANSI B 31.1 code; Analysis indicates that one snubber for
the cold piping from IHX to pump-tank and two snubbers for the hot piping from IHX to surge
tank are required to satisfy the stress limits. The computed stresses form input data for LBB
analysis.

3.3.2 Fracture Assessment of SG Shell Nozzle Junction

Detailed stress distribution under
pressure loadings (0.5 MPa under level A and 6
MPa under level D) and bending moments
(45xlO3 Nm under level A and 135 x 103 Nm
under level D) is obtained using CASTEM 2000
code. The deformed shape under level D
pressure and bending moment is shown in Fig.
13. Crack propagation analysis at the critical
location indicates that an initial crack (depth, a
= thk/4; length 2c = 12xthk ; thk = 18 mm)
becomes asymptotic (a = thk) only after
imposing load cycles (level A plus level C)
corresponding to about twenty plant lives. Crack
instability analysis is in progress to determine
the critical crack length towards justifying LBB
argument. Fig .13. SG shell nozzle junction:

Deformed mesh for level D
loading.

3.3.3 LBB Analysis of Main Sodium Pipelines

The most critical pipe bend (diameter 550 mm and bend radius 825 mm) is analysed with
stresses induced during normal and seismic conditions. The initial flaw size of 4 mm depth (a =
50 % of wall thickness) and 40 mm length (2c) is conservatively assumed. When this surface
crack just becomes a through crack, the associated crack length (asymptotic crack length) is 135
mm. The critical crack length corresponding to the highest possible load during design basis
seismic event is 385 mm. Hence sufficient margin (>2) is available between the detectable crack
length and critical crack length. However, for the design, a leakage area of 1 cm2 is assumed
conservatively.
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3.4 Instrumentation and Control

The design of sodium leak detection system, man-machine interface and I&C grounding
scheme has been finalised. Cover gas monitoring along with delayed neutron monitoring in the
primary sodium is provided for failed fuel detection. For the purpose of failed fuel localisation,
it is decided to have sodium sampling through selector valve for sodium from individual S A.

3.5 Technology Development

Manufacturing technology development of critical components of PFBR was continued
through the industries. It is intended to validate the design of some of the components by testing
in air, hot argon and sodium. The components identified for technology development are core
sub-assemblies, main vessel, inner vessel, steam generator, roof slab, grid plate, CSRDM,
DSRDM, control plug etc. Apart from developing manufacturing technology, the indigenous
manufacture of critical raw materials such as clad tubes, IHX tubes, SG tubes, large size plates
(SS, 9Cr-lMo, CS) and welding consumables has been also taken up.

Core subassemblies are under development at the Nuclear Fuel Complex (NFC).
Subassemblies meant for hydraulic testing have been supplied in case of fuel and blanket. Work
is in progress for fabrication of prototype flow induced vibration testing instrumented
subassembly and CSR subassembly. Manufacture of main vessel and inner vessel involved the
development of technology for the manufacture of large size petals and shells to close tolerance
of 0.1% R, weld overlay on the petal, solution annealing and developing techniques of inspection
of large size petals. In case of main vessel, 45° sector has been already manufactured and
delivered to site. This sector will be used in developing ISI technique for the main vessel. Trials
on inner vessel conical sector were done and modification of dies and punches is in progress so
that a better profile is obtained.

Order for manufacture of Steam Generator (SG) has been placed on two suppliers.
Manufacture involves drilling and spigot machining of tube sheets, shell pull out, forming of
eccentric cone, forming of Inconel 718 tube supports and their aluminizing, developing
preheating and PWHT cartridges, tube to tube sheet welding by internal bore welding process
and its examination by replica technique and x-ray examination by micro-focal rod anode x-ray
machine. Tube sheets at both the manufacturers' works have been drilled and spigots have been
machined; pull out forming, eccentric cone forming, tube to tube sheet welding procedure
qualification, bending of tubes and end machining have also been qualified in one of the
manufacturers' works.

Manufacture of prototype CSRDM has been started. In case of Roof Slab & Transfer
Arm, the manufacturers have been identified and orders will be released shortly. As regards the
development of raw materials, D9 material meant for clad tubes has been produced and the clad
tubes have also been produced successfully. IHX tubes in SS 316 LN material have been
produced successfully and 23 m long tubes in modified 9Cr-lMo material meant for SG are
under production. Welding electrodes required for manufacture of SG have been also produced
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within the country. Efforts are on to manufacture SS 316 LN and modified 9Cr-lMo forgings
required for IHX and SG respectively and the plates required for NSSS components.

4.0 RESEARCH AND DEVELOPMENT

4.1 Reactor Physics

With the newly developed 3D burn-up code, FARCOB, the evolution of FBTR core was
simulated from the initial 23 SA core to the present 29 SA core. The power distribution, SA
burn-up, reactivity loss with burn-up and fuel composition changes have been calculated. The
burn-up reactivity loss predicted matches reasonably well with observation. The calculated
power distribution is being used to predict SA outlet coolant temperatures.

A study has been carried out for a transient over-power incident in FBTR initiated by
uncontrolled withdrawal of a control rod at proposed maximum linear heat rating of 400 W/cm.
It has been confirmed that the incident is protected by 2 diverse parameters i.e. neutronic
(reactivity/period and Lin P) and thermal (mean temperature drop across the core).

Probabilistic safety analysis of flow blockage in FBTR Mark I core has been carried out
using the historic frequency of flow blockage and its precursors observed in actual fast reactors
and by finding the probability of shutdown system failure on demand by the thermocouple and
delayed neutron signals. The frequency of flow blockage has been obtained by Duane's
reliability growth model and the Bayesian approach. It has been estimated that the flow
blockage frequency is 5.5 x 10"3/r-y. The probability of flow blockage without safety action has
been estimated as 6.6 x 10'7/r-y.

ENDF/B-VI based point data and Monte Carlo code MCNP have been used to perform 3-
D calculations for PFBR with full heterogeneity effects to determine corrections to selected
physics parameters. Effect of Control and Safety Rod (CSR) movement on power distribution
was studied in detail. A limit of 4 cm difference between least inserted CSR and most inserted
CSR is identified to meet the need for CSR exercising to test its safety function as well as control
of SA power skewing. Methodology has been developed to perform reactor transient analysis
using temperature dependent thermal conductivity and transient gap conductance. Detailed core
disruptive accident analysis was done to obtain the pressure and temperature distribution in
PFBR core for evaluating the mechanical response of main vessel and top shield for 100 and 200
MJ energy release..

Data base is being created on component/system failure rates of fast reactors and on the
history of electric power failure at Kalpakkam. Methodologies are being developed to quantify
the surveillance needed to achieve the targeted reliability of PFBR shutdown system.



4.2 Engineering

4.2.1 Large Component Test Rig

The Large Component Test Rig (LCTR) continued its operation for heat transfer
experiments through the cover gas to roof slab. Consequent to study of heat load to roof slab
through argon cover gas, experiments were carried out using helium as cover gas which produces
improved temperature distribution circumferentially and suppresses sodium aerosol transport.
However, the heat load with helium as cover gas increased approximately by 45% compared to
that with-argon. Further experiments are being planned with the removal of bottom dip seal from
the roof slab to assess its influence on heat/mass transfer of sodium aerosols. A full scale model
of control plug of PFBR (1.89 m dia x 3.39 m length) is in an advanced stage of fabrication.

4.2.2 Sodium Water Reaction Test Facility

All components of experimental sodium facility for sodium water reaction studies have
been received at site. The piping and auxilary systems for the test facility are in an advanced
stage of construction and the facility is expected to be commissioned shortly. Experimental
studies will cover the behaviour of micro (water) leaks, self wastage and impingement wastage
of steam generator tubes and improved methods of leak detection.

4.2.3 CRDM Testing

The test facility COB A was operated for testing of a CRDM gripper bellow in sodium for
qualifying the bellows lot for use as spare in FBTR. This bellow has shown a creep fatigue life
of 50360 cycles before failure.

The experimental study on likely sodium deposition inside narrow long annulus of PFBR
CSRDM has been taken up in a small sodium set up. Different designs of labyrinth sleeves are
being tried to reduce sodium deposition along annulus to ensure smooth movement of the
mechanism without use of bellows seal. The dash pot for CSRDM has been tested in full scale
to verify the dash pot behaviour during drop test from different fall heights of 300 to 600 mm
with a load of 300 kg. Pressure pulses recorded were high in magnitude for the first 25 ms of the
drop, hence necessary modifications are carried out and further trials for higher fall height of
1085 mm have been started. A high temperature electromagnet was assembled and experiments
were conducted at room temperature to verify its load carrying capacity and response time for
the diverse safety rod mechanism. A project for developing temperature sensitive magnetic
switch (TSMS) is in progress and the design of magnetic circuit has been completed and
fabrication of components is in progress.

4.2.4 Hydraulic Testing

A dummy fuel SA for PFBR received from NFC was tested in the hydraulic test rig and
the pressure drop measured is lower by about 15% compared to the first SA following an
increase in the spacer wire pitch from 150 to 200 mm.
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A contract has been placed with a research institute for study of secondary flow
distribution in IHX and the models for this study have been installed and experiments are in
progress with various designs of mixing devices.

A 1/4 scale hydraulic model of the PFBR main vessel and circuit is being designed.
Design of model components has been completed and procurement of various equipment is in an
advanced stage. The model will be used for carrying out various thermohydraulic studies and
flow induced vibration studies of thin shells inside the main vessel.

A 1/5 scale model of the core outlet region has been constructed for studies of thermal
striping near the control plug region by measuring fluid temperature fluctuation in the vicinity.
Further work with respect to identification of a sub-assembly based on its outlet temperature and
dilution of temperature with respect to thermocouple position over the subassembly outlet will be
completed shortly.

4.2.5 Sodium Pump Testing

A new conceptual design of compact primary "sodium pump for a revised speed of 590
rpm was finalized and a contract has been placed with industry to develop the new hydraulic
design using 1/3 scale model. A separate contract was placed for developing a suitable paint for
the cavitation erosion studies in the model sodium pump. The activity has been completed
successfully.

The dynamic behaviour of the primary pump rotor is being studied experimentally in a
full scale test section where all parts of rotor assembly are simulated except the actual pump
impeller which is replaced by a steel disk having same inertia and mass imbalance. Initial results
from the tests are satisfactory.

A development contract is in progress for validation tests on slip joints for both primary
and secondary sodium pumps. The primary pump slip joint is in an advanced stage of
fabrication and the testing is expected to commence shortly. The detailed hydraulic and
mechanical design of the slip joint for the secondary pump is expected to be completed soon.

A DC conduction pump has been designed and is under construction for use in failed fuel
identification model for PFBR. Vacuum brazing of stainless steel duct with copper bars was
carried out for this pump.

4.2.6 Instrumentation

Further tests have been carried out on sodium ionisation detector (SID) employing
alumina coated platinum wire as filament in order to improve the SID response to two types of
fires involving plastics and petrol. Subsequently, improvement was found using alumina based
platinum wire filament based on various fire tests as required by Indian Standards. The
feasibility of using SID as a sodium leak detection system in presence of flue gases from a fired
heater is being carried out. The sodium response obtained for the combined fires of oil and
sodium was higher by 20% than that of oil fire alone.
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A sodium flow measurement system using eddy current flowmeter has been developed
for measuring sodium flow in FBTR fuel SA. The final tests are expected shortly after which the
flow measuring system will be introduced in FBTR reactor vessel.

4.2.7 Steam Generator Test Facility

Work on the steam generator test facility (SGTF Project) was continued. The detailed
design of the sodium loop components has progressed and component orders are being placed.
The fired heating system for sodium has been also detailed and order for its construction placed.
The detailed civil engineering design of buildings has been completed and work tender for the
building is being raised. Procurement of various electrical items for the facility is progressing.
As for the work on steam water system a contract is being prepared.

4.2.8 Boron Enrichment Facility

All columns and vessels for the Isotope Separation Plant were received from the supplier
and their erection is in progress. Work contract for the plant piping has been placed and
procurement of most of the items is nearing completion. Engineering experiments on pilot scale
have been in progress, and the plant commissioning is expected to take place by mid 1999.

4.3 Structural Mechanics

The facilities installed in the Structural Mechanics Laboratory (SML Phase I) for the
high temperature component tests, simulation of thermal ratchetting on thin shells subjected to
moving temperature gradients and IHX/SG tube buckling tests, have been augumented with
sophisticated data logging and programmable logic control (PLC) systems.

The experiments on fracture assessement of 1/5 scale model of primary sodium pipe,
buckling of full size IHX tubes, creep-fatigue damage and crack propagation behaviour on
specimens having component features, thermal ratchetting on 1/30 scale models of main vessel
simulated by hot air and water at room temperature, simulation of creep crack growth on the
control plug mockup, buckling tests on 1/20 scale models of inner vessel, fracture assessment of
secondary sodium pipes and thermal striping, are in progress. Commissioning has been
completed of a 21 capacity electromagnetic shaker.

The second phase of SML is in an advanced stage of construction and will be ready by
mid-2000. Actions have been taken for procuring 400 t capacity Servo Hydraulic Actuator
System (SHAS) for fatigue, fracture and buckling tests on large size component models of
PFBR and 201 shake table for seismic tests.

4.3.1 Core Seismic Experiments

The code CORESEIS developed here to predict the complex dynamic displacements of
FBR core under seismic base excitations has been validated by analysing Italian, Japanese and
French mock-up test data under an IAEA-CRP on this subject. In order to further validate the
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code simulating specific geometry and boundary
conditions of PFBR SA, an experimental programme
involving single, 7 and 19 SA mockups has been
planned. The first stage tests on single and 7 SA in
air and water have been completed (fig. 14). The
measured dynamic displacements under simulated
base excitations compares fairly well with the
theoretical predictions.

4.3.2 CDA experiments

The FUSTIN code used for assessing the
structural integrity of primary containment of PFBR
under CDA has been validated with some standard
international benchmark problems viz. COVA,
MENON and CONT SERIES. In order to validate
further on the aspects specific to PFBR, a three stage
experimental programme has been undertaken. Stage'
I which involves development of low density Fig. 14. Tests on 7 SA mockup
chemical explosive (PENTOLITE) and tests on
simple cylindrical shells with rigid covers (fig. 15)
has been completed. The performance of chemical explosive is found to be excellent in terms of
repeatablity and simulation of CDA loadings on the shell. The code prediction on the evolution
ofvessel deformations at the mid elevation is found to be satisfactory (fig. 16).

24-,

Fig. 15. Explosive test on flexible vessel Fig .16. Deformation of the vessel

The stage II series involving tests on scaled down models of reactor assembly with
increasing complexity is in progress. In stage III, tests will be conducted on the detailed
models of roof slab to validate the prediction of the sodium release to RCB. It is expected
that the three stages will be completed by December 1999.
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4.4 Metallurgy

4.4.1 Fuel Development

Presently FBTR is operating with (Uo.3Puo.7)C fuel (Mark-1 Core). However, this core is
to be replaced by Mark-II Core with fuel composition (Uo.45Puo.55)C. Mark-II core fuel
fabrication is in progress and several subassembly loads of fuel pins have been received at the
reactor site.

As part of development work related to MOX fuel, pellets of following compositions
were fabricated by mixing, cold compaction and sintering techniques:

0 UO2-21%PuO2

ii) UC-2-28% PuO2

iii) UO2-40 %PuO2

These pellets were characterised in terms of density, O/M ratio and solid solution
formation. Samples of appropriate dimensions were fabricated for measurement of thermal
conductivity, thermal toughness and coefficient of thermal expansion. Studies on fuel-clad-
coolant compatibility, oxygen potential, heat capacity and chemical dissolution are planned.

4.4.2 Tensile, Creep, Low Cycle Fatigue and Creep-Fatigue Interaction Studies

High temperature low cycle fatigue (LCF) and creep-fatigue interaction behaviour of
solution annealed and 20% cold-worked Alloy D9 (containing 0.05% carbon and 0.2% titanium)
have been studied. LCF tests were conducted at 823 and 923 K, under total axial strain control
mode, employing strain ranges from 0.5% to 2.0%. Solution-annealed material exhibited cyclic
hardening while the cold-worked material displayed cyclic softening at all the strain ranges. At
823 K, fatigue life of cold-worked material was lower compared to the solution-annealed
material. At 923 K, cold-worked material exhibited higher fatigue life than the solution-
annealed material at strain ranges lower than 1%. Creep-fatigue interaction tests were conducted
at 923 K with a tensile hold at peak strain, and hold times in the range of 1 minute to 30 minutes.
The introduction of tension hold at peak tensile strain generally led to reduction in fatigue life of
cold-worked material; fatigue life decreased continuously with increasing hold time upto 30
minutes. The solution-annealed material, on the other hand, exhibited a recovery in fatigue life at
longer hold times.

Low cycle fatigue properties of an indigenously produced modified 9Cr-lMo steel
forging (containing niobium and vanadium) were evaluated for steam generator applications.
Forged blocks of 70 mm diameter and of 250 mm length were subjected to normalising (1313 K/
lh) and tempering (1033 K/l h) treatments prior to machining the specimens. Fatigue tests were
performed at temperatures upto 873 K at various total strain amplitudes in the range of 0.25 to
1.0%, at a constant strain rate of 3x10'V1. The cyclic stress response behaviour was
characterised by hardening during the initial few cycles followed by continuous softening.
Fatigue life decreased with increasing test temperature. In the range of 300 to 723 K, half-life
plastic strain amplitude decreased with increase in test temperature indicating the occurrence of
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dynamic strain ageing. At elevated temperatures, oxidation-enhanced fatigue crack initiation and
propagation played a significant role in reducing the fatigue resistance of 9Cr-lMo steel forging.

A comparative evaluation of the creep properties of type 316 and 316LN stainless steels
and their weld metals was carried out at 873 and 923 K. Alloying with nitrogen improved the
rupture strength of base metal and weld metal. Compared to the base metal, rupture life and
rupture ductility of the weld metal were lower by a factor of 5 to 10 depending upon the creep
test conditions. The base metal of 316LN SS showed higher rupture ductility compared to 316
SS base metal. On the other hand, the weld metal of 316 LN steel had lower ductility compared
to 316 SS weld metal. The presence of nitrogen delayed the transformation of delta-ferrite in the
welds.

A novel semi-empirical multiple-heat stress rupture correlation has been developed to
account for heat-dependence of stress rupture properties. The "heat-correction" (HC) uses two
constants for indexing each heat. Extensive studies with multiple heat data for 0.5Mo-0.15C
steel, 2.25Cr-lMo steel, 9Cr-lMo steel and 316 SS from literature clearly established that
compared to the best alternative method of HC in the literature, the new method is considerably
superior for the non-austenitic grades, and marginally superior for the austenitic grades. The new
HC has the advantage that it can be integrated with any stress rupture parametric correlation for
single heats to derive the corresponding multiple heat version. A new stress rupture correlation,
suitable for either single or multiple heats, has also been developed to better reflect the broad
expectations from micro-mechanisms of creep damage growth, and applied successfully to the
literature data for the ferritic and the austenitic grades mentioned above.

4.4.3 Weldability and Surface Engineering

Studies have confirmed that hydrogen assisted cracking (HAC) in steel weldments can be
monitored using acoustic emission sensing. For 9Cr-lMo steel weldments, HAC was
characterised by a sharp increase in the number and amplitude of signals acquired per unit time.
Also, even in the absence of any cracking, the specimens emitted signals of low amplitude and
energy over time when the shielding gas (argon) for preparation of the weld specimens contained
hydrogen. The susceptibility of 9Cr-lMo steel to HAC has been found to be higher than that of
2.25Cr-lMo steel. For identical conditions of testing and measurement, diffusible hydrogen
(HD) content in 9Cr-lMo steel was significantly lower than in 2.25Cr-lMo steel. The higher
density of traps in 9Cr-lMo steels compared to 2.25Cr-lMo steel appeared to be the main reason
for its higher susceptibility to HAC, lower HD content, low diffusivity and high solubility of
hydrogen. These results indicated that the assumption of a direct link between HD content and
susceptibility to HAC, that is normally true for carbon steel weldments, is invalid in the case of
alloy steels.

Weldability of controlled Curie temperature alloy Ni-35%Fe has been found to be similar
to that of fully austenitic stainless steel with low impurity content but inferior to that of stainless
steel weld metal forming 3-7% delta-ferrite. For the dissimilar joint between type 316LN and
Ni-35%Fe, weldability was similar to that of low fenite 316LN. The Ni-Fe alloy was found to be
readily weldable either autogenously or using stainless steel filler such as ER316L or nickel-base
alloy filler such as Inconel 82.



4.4.4 Physical Metallurgy of 9 Cr-lMo Steel

Evaluation of lattice strain in 9Cr-lMo steel

Convergent Beam Electron Diffraction (CBED) experiments have been carried out in
wrought 9Cr-lMo steel with different thermal histories, consisting of ferrite with different
degrees of lattice strain. A similar situation exists in the weldments also wherein the relative
changes in the strain of the ferrite crystal, from the base metal to the weld region is studied. The
angular position of high order Laue zone (HOLZ) lines in the (000) disc of CBED patterns, an
index of lattice strain, is found to depend on two factors, namely excitation strength of first order
Laue zone (FOLZ) lines and the lattice strain. The appropriate selection of experimental
conditions enabled the measurement of lattice strain from the shift in the angular position of
HOLZ lines by maintaining the excitation strength constant.

Study of point defects in ion irradiated crystals

A systematic study of changes in CBED patterns of ion irradiated crystals of a- ferrite and
M23C6 carbides in welds of 9Cr-lMo weldment has been carried out. Two distinct features of
CBED patterns have been identified, which contain information about the presence of point
defects. These are the (i) intensity oscillations inside (000) disc and (ii) the number of HOLZ
rings in the CBED pattern. These two features show unique, systematic changes with the
concentration of point defects i.e with the dose, mass of incident ions and post-irradiation anneal.

The application of CBED for the study of lattice strain and identification of point defects
is of significance, since other techniques like conventional TEM, X-ray diffraction etc. cannot be
used for study of fine microscopic regions.

Microstructural evolution in the weldments

A complete understanding of the microstructural state of weldments of 9Cr-lMo steel
with respect to microstructure and microchemistry of the constituent phases has been arrived at.
The as welded structure of the weldments of 9Cr-lMo steel is heterogeneous and complex. The
microstructurally distinct zones within the solidification structure have been identified.The
possible thermal cycles which various regions have been subjected to are deduced, based on the
comparison of the results with available data on wrought 9Cr-lMo steel.

The microstructural modification of the heterogeneous structure of weldment at elevated
temperatures has been studied. The mechanism and kinetics of the tempering process has been
established and the activation energy for the process has been evaluated.The sequence of
evolution of secondary phases and the variation in their microstructural and microchemical
parameters have been studied.

A method to predict the evolution of secondary phases in the weldments at high
temperatures has been developed.Such an attempt involves identification of a single parameter
with which the complete sequence of evolution of secondary phases can be rationalised. Based
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on the variation of such a parameter with time a new concept of "Phase Evolution Diagram"
(PED) is introduced and its utility in commercial applications has been studied.

4.4.5 Corrosion Behaviour

Type 316 LN SS samples with different concentrations of nitrogen (0.015, 0.2 and 0.56
% N) were investigated for the nature and properties of passive films developed in an acidic
chloride by using electrochemical impedance spectroscopy. Pitting corrosion damage of type
316 LN SS was assessed using laser scattering technique. The increase in cold working, and in
grain size, decreased the pitting corrosion resistance of type 316 LN SS.

TTS diagrams, CCS diagrams and critical cooling rate were established for type 316 LN
SS containing high sulphur content (0.025 % S). It was found that high sulphur content
decreased the minimum time (from 200 h to 5 h) required for sensitisation to occur.

Extensive work carried out on nitrogen ion implantation of types 304 and 316 SS
specimens in solution annealed and sensitised conditions revealed that implantations beyond 1 x
1017 ions/cm2 have been very effective in improving pitting and IGC resistances in acidic
chloride medium. Shallow pits, and discontinuous grain boundary attacks with minimum charge
value were noticed during electrochemical potentiokinetic reaction (EPR) tests after ion
implantation.

To increase the life of conventional mixed oxide coated titanium anodes two different
types of electrode coatings were developed for the electrochemical processes employed in
reprocessing plants: (i) metallic Pt and Pt+Ir layers were coated on titanium by thermochemical
glazing process which showed a life of 1540 h in a simulated reprocessing solution containing
UC and other redox ions, and (ii) plasma enhanced RuC>2 coatings with an intermediate non-
stoichiometric TiC>2 conducting layer showed a life of 1400 h in 10 M nitric acid solution
containing silver ions. Attempts were made to develop dissimilar titanium-type 304L SS joints
for connecting electrolytic dissolver made of titanium to the rest of the plant by explosive and
friction joining processes. Corrosion and microstructural investigations indicated the superiority
of the explosive joints with lesser corrosion rates and minimum corrosion attack at the interface
of Ti and type 304L SS. The use of dissimilar joints made of titanium and type 304L SS have
been recommended for fabrication.

Stress corrosion crack growth behaviour of base and weld metal of AISI type 316 LN
stainless steels were studied by slow strain rate testing technique at crosshead speed of 10
microns per hour in a boiling solution containing 5 M NaCl + 0.15 M Na2SO4 + 2.5 ml/1 HC1.
Results indicated a Kiscc value of about 22 MPa m0"5 for base metal and 5.39 MPa m 0 5 for weld
metal. The plateau crack growth rates were one order of magnitude lower for base metal as
compared to the weld metal (2.7 x 10"8 m/s). Fractographic studies indicated SCC occurred by
transgranular mode of cracking of austenite in both the base and weld metals. No stress assisted
dissolution of delta-ferrite or interface cracking modes were observed in the weld metal.
Systematic studies were carried out to correlate HAC susceptibility of the weldments of the
above steels. UT-modified hydrogen sensitivity test was employed for assessing HAC
susceptibility, gas chromatography for diffusible hydrogen (Eb) measurements and
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electrochemical permeation technique for permeability measurements. It was found that as the
alloy content increases, apparent diffusivity and HD decreases but HAC susceptibility increases
and this can be attributed to the higher solubility of hydrogen in various reversible trap sites. It
was established that solubility of hydrogen has the greatest influence on HAC susceptibility and
not HD or diffusivity.

The effect of grain boundary segregation on intergranular stress corrosion cracking
(IGSCC) in hot water environments at 423 K and 523 K was studied in a P-doped AISI type
304L stainless steel. Although grain boundary segregation was detected in all the aged
specimens, IGCSCC was shown by only the specimen aged at 823 K for lOOOh. The results
suggest that it is the grain boundary chromium depletion, rather than the segregation of
phosphorus at the grain boundaries, that controls IGSCC of stainless steels in the hot water
environments studied.

The effect of different external stresses on the oxidation behaviour of 9Cr-lMo steel was
investigated. Tensile specimens of this alloy were subjected to stresses of 11, 20, 28 and 40 MPa
and the oxidation behaviour was studied at a temperature of 973 K. The elongation of the
specimen was determined by an extensometer. An acoustic emission unit was employed to
monitor the integrity of the oxide scale. The application of external stress up to 28 MPa (average
strain rate for 28 MPa stress was 1.2 x 10" s*1) had a beneficial effect with respect to the
adherence of the oxide scale. The specimen with 40 MPa of stress (average strain rate of 5.2 x
10'7 s'1) showed substantial weight gain on oxidizing up to 140 h. Formation of cracks at 40
MPa, exposed fresh areas to oxygen and caused accelerated oxidation.

4.5 Irradiation, PIE andNDT

4.5 1 Post- irradiation Examination of Experimental Fuel Pins Irradiated in FBTR

Post-irradiation examination (PIE) has been completed on three experimental
subassemblies which were irradiated in FBTR in order to study the swelling behavior and
microstructural evolution due to irradiation at low burn-up levels. Each experimental
subassembly contained one fuel pin, and each fuel pin contained two different compositions of
fuel [Mark I - (70 % PuC + 30 % UC); Mark II - (55 % PuC + 45 % UC)]. Irradiation was
carried out to burn-up levels of 1613 and 2634 MWd/te. To achieve higher fuel-center-line
temperature simulating higher linear powers, all the fuel pins were filled with a mixture of argon
and helium as bond gas between the fuel and the clad instead of pure helium, which is the normal
bond gas. Irradiation data of the fuel pins are given below.

Fuel Pin No.

lA53(MarkI)

lAP2(MarkI&II)

lAP3(MarkI&II)

Irradiation
Time

(EFPD)

16.07

16.07

26.2

Linear
Power at
lO.lMWt

W/cm

168

168

162

Equivalent
Linear Power

due to bond gas
(W/cm)

252

252

252

Fuel
column
length
(cm)

9.9

19.3

19.3

Bum-up
(MWd/t)

1612.9

1613.3

2634.5
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Non-destructive examinations such as X-Radiography, Eddy Current Testing,
Profilometry and Leak Testing did not reveal any defect or deformation of the fuel pins. The
pellet-clad gap could be discerned clearly from the X-radiographs. Cracking of the fuel pellets
was noticed even at the low burn-up levels indicating reduction in the pellet-clad gap.
Metallographic examinations carried out on the fuel pin cross sections consisting of fuel pellets
with different fuel compositions did not reveal any restructuring of the fuel. Microstructure of
the clad tube also was found to be normal. The micrographs of the cut sections of fuel pins were
subjected to image analysis to estimate the effective fuel-clad gap available for further swelling
taking into account the crack area. The post-irradiation pellet dimensions are being compared
with the pre-irradiation data to evaluate the swelling rates of the fuel compositions. PIE of two
more experimental fuel subassemblies irradiated to higher burn-up levels is in progress! A
comprehensive evaluation of all the results is expected to give optimum values of burn-up and
linear heat ratings.

4.5.2 Neutron Radiography Studies Using KAMINI Reactor

Neutron radiography was carried out on a dummy FBTR fuel pin using the neutron beam
from the KAMINI reactor. Experiments were conducted for various combination of film and
convertor screens for optimizing the conditions for fuel pin radiography. Analysis of the beam
purity indicator and sensitivity indicator revealed greater epithermal neutron content and very
high gamma. Special cassettes made of aluminum were fabricated. It was observed that the
indirect techniques with indium screens at power level of 30 kW with an exposure time of five
minute, and power level of 5 kW with fifteen minutes exposure gave satisfactory results for
imaging FBTR fuel pin. The cassettes with the convertor screens and the object were lowered
suitably and placed in front of the neutron beam tube. Image processing techniques such as
contrast stretching and edge enhancement were used to enhance the quality of the images.
Resolution of the order of 250 microns could be achieved. Pellet-to-pellet gap and cracks in
pellets could be clearly detected. One rogue pellet was also detected.

4.5.3 Failure Analysis of Thermowell Boss of FBTR Steam Generator

Failure analysis was carried out on a leaking seal weld joint between the thermowell and
the boss of the FBTR steam generator. The dissimilar weld joint between 2.25Cr-1.0Mo low
alloy steel and type 316 stainless steel was made using Inconel 82 as the filler material.
Examination of the failed joint using fluorescent LPT, metallography, followed by SEM and
EDAX analysis revealed that residual stresses were present in the joint since post weld heat
treatment has not been carried out on the welds. In addition, the heat affected zone (HAZ) was
subjected to varying cyclic service because of differences in the coefficient of thermal expansion
of the base and weld metals. These stresses have produced cracking in the weld interface and
adjacent HAZ of the low alloy steel. Use of multipass welding led to heating of previously
deposited layers during the deposition of subsequent layers resulting in the migration of carbon
from the HAZ of the low alloy steel. This caused reduction in the strength of the material in this
region and propagation of the crack in the HAZ of the low alloy steel in the middle region of the
weld.
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4.5.4 Irradiation Testing of Zirconium Alloys

An irradiation experiment is being carried out in FBTR to determine the in-reactor creep
rates of Indian made alloys of Zirconium. FBTR offers advantages of high flux and hard neutron
spectrum to carry out accelerated irradiation tests on PHWR pressure tube materials (Zircaloy-2
and Zr-2.5% Nb) to determine their in-reactor steady state creep rate. For carrying out the
irradiation experiment on the pressure tube materials in FBTR, the temperature of the sodium
around the experiment capsule should be close to 573 K, which is the temperature of pressure
tubes during operation of PHWRs. To meet this requirement, FBTR is being operated at 8 MWt
with inlet temperature of sodium fixed at 581 K. The Zr-Nb samples in FBTR have attained
fluence of 0.4 x 1021 to 1.6 x 1021 n/sq.cm (E > lMeV). Literature indicates that a fluence level
of about 0.1 x 1021 n/sq.cm (E > 1 MeV) is enough to establish the steady state creep rate.

4.6 Chemistry

4.6.1 Burn-up measurements on a pellet of FBTR fuel subassembly

Cut sections of the end pellet of an FBTR fuel pin discharged at approximately 25000
MWd/t were charged into the radiochemical hot cells. One of the samples was dissolved in nitric
acid by electro-oxidative dissolution techniques in an all titanium dissolver. The bum-up of the
fuel was measured by determining the concentrations of U, Pu and selected rare earths in the
dissolver solution. A new HPLC based method, employing lanthanum as the fission monitor,
was also developed for burn-up determination.

Thermal ionization mass spectrometric investigations were also conducted on the
dissolver solution. First, the Nd, U, and Pu fractions from the dissolver solution were separated
by a two-stage anion exchange separation procedure, and appropriate amounts of each fraction
were loaded onto triple-filament beads for isotope ratio analysis. From the mean isotope ratios
measured, the relative abundances of the isotopes and the mean molar atomic mass of Nd
(144.96 g/mol), U (238.03 g/mol), and Pu (239.12 g/mol) were deduced.

To determine the concentrations of Nd, U, and Pu in the fuel solution, the standard
solutions enriched in 150Nd, 233U, and 242Pu were employed as isotope diluents. The spiked fuel
solutions were also subjected to anion exchange separations to collect the pertinent fractions for
233/238 (U), 242/239 (Pu) and 150/148 (Nd) isotope ratio analyses. The concentrations of 148Nd,
U, and Pu in the fuel solution were calculated and a value of burn-up of 2.00 ± 0.01 atom per
cent fission was deduced for the end pellet. This corresponds to a burn-up of « 18 MWd/kg of
the mixed-carbide fuel. Use of 143Nd as the fission product monitor yielded a bum-up value of
1.95 atom per cent fission. Assumption of ~ 12 per cent fast fissions from 238U renders the
burn-up values from 148Nd and 143Nd equal to 1.94 atom per cent fission.

4.6.2 Studies on cesium trap

Radionuclide trap for cesium isotopes involves use of reticulated vitreous carbon (RVC)
as trap material. There is a possibility that this material can release particles that contribute to an
increase in carbon activity in the primary sodium coolant during the operation of the trap. In
continuation of the study on carbon release behaviour from reticulated vitreous carbon,

93



experiments were carried in the radioactive sodium chemistry loop (RASCL). A trap with RVC
in the form of a cylinder and fitted with 10 urn size stainless steel filter at the outlet was operated
at 473 K (as per FBTR requirement) with sodium flowing at the rate of 250 lh"1. The carbon
activity in sodium during operation of trap was monitored continuously using an electrochemical
carbon meter. Initial operation of the trap for 500 h showed no significant increase in carbon
activity. The carbon activity in sodium was also measured in parallel using foil equilibrium
technique before and after each run. In the second run, the trap was operated for a further period
of 300 h. The results of both the runs show that there was no significant change in carbon
activity in loop sodium thereby qualifying the trap material for use in FBTR primary circuits.

4.6.3 Cover Gas Hydrogen Meter

A katharometer based device for measuring hydrogen in argon cover gas of FBTR was
developed and put into operation last year. One of the meters developed instability problems.
The gas manifold of this meter was improved upon to overcome carrier gas flow fluctuations.
With this modified system the meter exhibited very good stability for the background signal. Its
response to injection of hydrogen into sodium at 453 K (corresponding to an increase in sodium
by 40 ppb) showed its ability to detect any leak in steam generator during reactor start up or low
power operations.

4.6.4 Laser Ablation Matrix Isolation Spectroscopy

High temperature behaviour of materials, such as uranium oxide, is studied using the
technique of matrix isolation infrared spectroscopy. In this technique, high temperatures are
produced on the surface of a material, by focusing an intense laser beam and the species
produced in the high temperature laser plume are trapped in an inert gas matrix at very low
temperatures. The species thus trapped are then studied using infrared spectroscopy. Vapour
phase species produced by the laser ablation of UO2 have been studied. Using this technique,
high temperature reactions of uranium vapour with nitrogen were also studied, where both UN
and UN2 were identified as reaction products. These are expected to provide data useful in the
development of advanced fuels.

4.6.5 Fluorescence Spectroscopy

Fluorescence spectroscopy is popularly used to estimate trace levels of a variety of
species, as the fiuorimetric method offers excellent detection limits. However, real-life samples
such as uranium in reprocessing stream, pose problems in fiuorimetric determinations, due to
quenching. The presence of quenchers reduces the fluorescence of the fluorophore, either
through dynamic or static quenching mechanisms; as a result, the fluorescence intensity cannot
be straightforwardly correlated to the analyte concentration. Corrections for quenching in
fiuorimetric estimations are usually arrived at using time-resolved fluorimetry, where the
reduction in the lifetimes of the fluorophore in the presence of quenchers is a measure of the
correction. We have arrived at a novel procedure for the correction of quenching in fiuorimetric
determinations using steady state fluorescence spectroscopy. As a test case, we have
demonstrated our procedure for the determination of uranium in the presence of a number of
metal ion quenchers.
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4.6.6 Reprocessing Chemistry Studies

Electro-refining experiments on uranium at 200g level were continued. The gas and the
vacuum lines of the injection casting cum melting set up were modified to reduce the possible
oxidation of U during the consolidation from the cathode deposit. Melting of uranium and
magnesium metals were carried out successfully after the modification of the lines.

The enthalpies of extraction of U(VI), Th(IV) and nitric acid by extractants such as tri-n-
amyl phosphate, tri-isoamyl phosphate and tri-n-butyl phosphate, were determined directly by
solution calorimetry for the first time.

Thermodynamic studies on U-Ga and Ca-Ga alloys which are of interest in pyrochemical
processes were continued. Enthalpy of formation of CaGa2 at 298.15K was determined by high
temperature gallium solution calorimetry. The Gibbs free energies of formation of the inter-
metallic compound UGa3 in the temperature range of 673-873 K were determined by employing
a molten salt galvanic cell. The enthalpy of formation at 773 K computed from the temperature
dependence of the Gibbs free energies of formation is in agreement with the one determined
earlier by calorimetry.

4.6.7 Preparation of Nuclear Materials

A new combustion synthesis route was established for the preparation of urania-thoria
powders which could be sintered to theoretical densities >95%, at relatively low temperatures
(1570 K). This method utilises citric acid and has many advantages over the conventional
oxalate precipitation route.

Drop calorimetric measurements on thoria rich urania-thoria solid solutions were
continued. Enthalpy increments of (Uo.2sTho.75)02 were determined by drop calorimetry in the
temperature range of 1000-1700 K from which other thermodynamic functions have been
derived.

Studies on the microwave synthesis and sintering of nuclear materials were continued. A
laboratory microwave oven with a capacity of lkW output power and with provision of fine
power control, was used for these studies. The UO2 pellets could be sintered to 95% theoretical
density. But the pellets were found to be cracking. Further studies are in progress to mitigate
this problem.

4.7 Fast Reactor Fuel Reprocessing

Precommissioning experiments of the pilot plant for processing FBTR irradiated fuel has
started. Vital equipment such as electrolytic titanium dissolver has arrived at site. In cell piping
works is nearing completion.

Piping design for the demonstration plant is being carried out. Process vessels and
equipment are under fabrication in vendors' place. Viewing systems are being designed for
radioactive areas.
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Adjustable weir ejector mixer-settler which can handle variations in densities of the
aqueous and organic phases has been fabricated and is used for evaluation of Th based flow
sheets. Development work on fluid diode has resulted in a diodicity of 130 with 100mm diameter
diode chamber and pumping characteristics were obtained with a fluid pump operated with two
such diodes as a function of suction and discharge line sizes and suction and discharge heads.
Based on these results, various size diode chambers with different tangential and axial nozzles
are being fabricated for a detailed experimental analysis of diode pumps for different capacities.
Pellets with 2.5 atom% burn-up were dissolved in hot cells electrolytically. Also, dissolution
studies with un-irradiated (UPu)C were carried out using ozone as an oxidizing agent. Ozone
was also used in the experimental studies for the destruction of organic acids formed during
dissolution employing a new conductivity sensor developed at IGCAR.

Modeling and simulation work was continued for predicting physical properties and
diagnostic models of interest to reprocessing. Liquid mixture viscosity of dry and water saturated
TBP/dodecane mixture at 298 K was modeled in a novel way by highlighting the composition
dependency of the interaction parameter. A new model for U(IV) distribution coefficient in 30%
TBP solvent at 298 K was developed. Aqueous solubility of TBP in nitric acid solutions was
determined experimentally and modeled by the Setschenow relations (salt effect models). Also
limiting organic concentration of Pu(IV) in BESO/dodecane, U(VI) in BESO/dodecane and
Pu(IV) in TBP/dodecane based systems were modeled using the salt effect models.

A numeric model for diagnostics of onset of Pu(IV) polymerization in dilute nitric acid
and temperature dependency of this limit was also published. An empirical equation was
developed for predicting the vapour pressure of Tri-n-Butyl Phosphate (TBP) in the temperature
range of 273.2 to 562.2 K.

4.8 Safety Research

4.8.1 Sodium-Concrete Interaction Studies

Post-test examination of limestone concrete block (150 mm diameter and 172 mm height)
exposed to liquid sodium (2kg at 823 K) for about 5 hours in a test under inert atmosphere
revealed that internal damage to concrete sustained to the maximum depth of 130 mm as
evidenced from ultrasonic pulse velocity measurement whereas sodium penetration occurred to
the peak depth of 110 mm from the sodium-concrete interface. Maximum swelling in the axial
and radial directions of the concrete block were 29mm and 21mm respectively. Maximum
depth, width and length of crack were found to be 21mm, 20mm and 118mm respectively.
Analysis of residual moisture for free and bound water for samples collected from depth up to
70mm showed that almost 99% of original water was removed from concrete during interaction.
Comparative assessment of several test results concluded that internal damage and sodium
penetration in concrete experienced upward trend as the heating duration and pool temperature
were allowed to increase.

Two tests were carried out with identical concrete blocks in open air. Due to different
open air wind conditions the fires observed were different in the two cases. Videographic
investigations indicated that full fledged vapor-phase combustion persisted along with slow pool
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burning predominantly assisted by thermocapillary action of sodium oxides accumulated on the
sodium pool surface. The peak temperatures for flame, pool and interface registered the values
of 1645 K, 1303 K and 1023 K respectively for the first test, whereas these values were 1107 K,
717 K and 717 K respectively for the second test. The concrete block temperatures at depths of
30,50 and 80 mm from the interface were 550 K, 473 K and 410 K respectively for the 1st test.
In 2nd test the measured temperatures were 415 K, 386 K and 346 K respectively at identical
depths. Maximum depth of sodium penetration were 20mm and 10mm for the two tests
respectively. Ultrasonic pulse velocity measurement indicated that the concrete blocks had
undergone internal damage to the maximum depth of 100mm and 60mm in the two test runs
respectively.

4.8.2 Activated Corrosion Product Transport And Deposition Studies

A code was developed for predicting the transport and deposition of activated corrosion
products in sodium loops and for the primary sodium circuits of FBTR. The code is essentially
based on the "solution-precipitation" model developed by Polley and Skyrme. This model
assumes that the activated corrosion products are transported in dissolved state in sodium. The
fluid dynamics part of the code is one-dimensional Eulerian model with upwind finite
differencing scheme.

The code was validated for predicting the release and deposition behaviour of activated
corrosion products using the data available for the Active Mass Transfer Loop-I, Japan. The flow
length (llOOcms) excluding the purification circuit was divided into 45 cells of about 25cm
length, required to fulfil the stability criteria essential for the fluid dynamics equations. For 750
hr of continuous operation of the AMTL, the output of the code for deposition of the nuclides
(54Mn and 60Co) were in reasonable agreement with the reported measured values.
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