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ABSTRACT

Electricity growth rate in India in 1999-2000 improved compared to the previous year
and the installed electric capacity reached 97.5 GWe, with about 2 GWe nuclear. The nuclear
power plants performed very well with average capacity factor of over 79%. Two new 220 MWe
reactors, Kaiga-2 and RAPS-3, were commissioned during the year.

FBTR was operated at various power levels upto 12.5 MWt and a peak burnup of 51500
MWd/t achieved. Test irradiation of Zr-Nb pressurized capsules were completed in FBTR for the
PHWR programme.

Detailed design and technology development for PFBR were continued. Review of the
chapters of the PSAR by two level safety committees was continued. The "rapid" environmental
impact assessment report was prepared and measurements for the detailed report are in
progress.

R&D in reactor physics, shielding, engineering development, safety engineering,
structural mechanics thermal hydraulics, instrumentation, metallurgy, non-destructive
evaluation, chemistry and reprocessing were continued. These include cover gas heat transfer,
sodium heaters, sodium pumps, drive mechanisms, flow restrictor devices, buckling damage,
sodium-concrete interaction, activity transport in sodium, fuel development, materials testing
and characterisation, corrosion measurements and electrochemical meters.

1.0 INTRODUCTION

1.1 Economic Scenario

The GDP growth rate in India was maintained at 5.9% in 1999-2000 compared to 5.8% in
1998-99. More importantly an industrial recovery was seen with the growth of GDP from
manufacturing doubling to 7% in 1999-2000 compared to 3.6% in 1998-99 and in the
construction sector reaching 9% in 1999-2000 compared to 5.7% in the earlier year. The
inflation rate dropped to a very low level of 2 to 3%.



Total foreign exchange reserves increased over the year by US $ 4.5 billion to reach US $
34.90 billion (at end January 2000) which provides cover for about 8 months of estimated
imports in 1999-2000. India's stock of external debts stood at US $ 98.87 billion in September
1999 as against a value of US $ 95.2 billion in September 1998.

1.2 Electric Energy Production

Electricity production increased by 7.4% in April - December 1999 as compared to 7% in
the corresponding period of 1998. The total installed electric capacity in MWe at the end of
March 2000 is as follows:

Coal
Hydro
Gas
Nuclear
Wind
Diesel

Total -

59901
23816

9559
2330
1155
726

97487

The capacity addition in MWe during 1999-2000 was as follows:

Thermal (incl. Gas)
Hydro
Nuclear
Wind
Diesel

Total -

2441
1378
440
187
128

4574

1.3 Nuclear Power

The operating performance of the nuclear power plants for 1999-2000 is tabulated below.
While TAPS-1 and 2 are boiling water reactors the rest are pressurized heavy water reactors
(PHWRs). The performance has well exceeded the targets set and the generation has exceeded
last year's generation by over 11%. The table does not include Kaiga-2 and RAPS-3 which were
commissioned during the year.

The Nuclear Power Corporation achieved a provisional net profit of Rs.450 crores during
the year and paid a maiden dividend of Rs.50.44 crores to the Government. The 220 MWe
Kaiga-2 reactor attained first criticality on September 24, 1999 and was synchronised to the grid
on December 2, 1999. The 220 MWe RAPS-3 reactor attained first criticality on December 24,
1999.



Unit

TAPS-1

TAPS-2

RAPS-1

RAPS-2

Rated Power
MWe
160

160

150

200

MAPS-1 | 170

MAPS-2

NAPS-1

NAPS-2

KAPS-1

KAPS-2

TOTAL

170

220

220

220

220

1890

Generation j Capacity
TWh i Factor %
0.941 S 66.9

1.214

0.934

1.405

86.4

70.9

80.0

1.042 69.8

1.189 | 79.6

1.602 ! 82.9

1.529 79.1

1.646 | 85.2

1.750 | 90.6

13.252 | 79.8

2.0 FAST BREEDER TEST REACTOR (FBTR)

FBTR is a 40 MWt/13 MWe, mixed carbide fuelled, sodium cooled, loop type reactor,
provided with two primary and two secondary sodium loops and four once through serpentine
type steam generators (SG). The reactor has 100% steam dump condenser which enables reactor
operation with turbo-generator (TG) bypassed. The reactor achieved its first criticality in
October 1985. Since then it is operated at various power levels upto 12.5 MWt with maximum
linear heat rating (LHR) of 320 W/cm. The present core has 29 fuel subassemblies (SA) (see
Fig.l). TG was synchronised to the grid for the first time in July 1997. During the past year the
irradiation of six Zr-Nb experimental SA for in-reactor creep measurement was completed as
needed for the PHWR programme. The Mark I fuel SA in the first ring which has achieved a
maximum burnup of 50,000 MWd/t without failure has been discharged for post irradiation
examination (PIE). The reactor has logged 22490 h operating time since first criticality, out of
which 7864 h has been at high power with the SG valved in. Maximum burnup of 51500 MWd/t
has been achieved without any fuel failure.

2.1 Reactor Operation

During the year reactor operated for 1340 h (Fig.2), out of which 600 h was at high
power. During the 8 MWt run for Zr-Nb irradiation in 1999, reactivity gain was noted whenever
the power reached a certain level (the precise level was dependent on the primary flow). The
phenomenon was found reproducible. A series of tests were carried out to find out the cause of
the phenomenon and to identify the stable operating regime. The reactivity addition is about 40
pern and is found to be self-limiting, and was absent at high primary flows through the core. The
phenomenon is found to take place in a specific range of core temperature rise and is probably
related to thermally induced geometric changes in the core. Further investigations are in
progress.
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Fig. 1 FBTR core configuration
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Experiments were conducted to measure the sensitivity of the delayed neutron detection
(DND) system by loading a vented natural uranium fuel SA in different locations. The DND SA
was loaded at 00-00 and at 03-05 locations (Fig.l) and counts were taken at power levels upto
1.8 MWt, inlet temperatures from 520 K to 620 K and core sodium flows of 390 to 540 m/h.
The DN signals have been measurable although much smaller than the expected values by a
factor of about 50. The signals are found to increase with inlet temperature and reactor flows,
whereas the background is not sensitive to these parameters. The results indicate that a recoil
area of 12 cm2 is required for reactor scram. With the DND SA at 03-05, the contrast ratio of the
signals from both the loops is found to be 2.3, as against the value of 1.5 with the DND SA at the
centre. The low DND counts are due to the smaller flows of the present core, which results in
longer transit time. Further experiments are planned with more vented uranium metal pins.

2.2 System Performance

The performance of reactor systems, sodium systems, control rod drive mechanisms
(CRDM) and other safety related and auxiliary systems was satisfactory. The primary and
secondary sodium purity has been maintained below the plugging temperature of 378 K. Sodium
samples taken from primary and secondary loops were found to be conforming to nuclear grade
sodium. The four sodium pumps and their drives are operating very well and have logged about
100,000 h of operation each. Safety analysis based on reactor operating experience led to :-
lowering of rods (LOR) on low current in CRDM coil being deleted; Log P threshold being
increased from 110% to 125%; and threshold of LOR on control rod level discordance being
increased from ±20 to ±40 mm to improve reactor availability.

To detect any SG leak at lower sodium temperatures, hydrogen-in-argon detection system
(HAD) working on the principle of thermal conductivity was commissioned (Fig.3). This has a
higher sensitivity in detecting a leak at lower sodium temperatures than the mass spectrometer
based hydrogen-in-sodium detector, and will enable valving in of the SG at a more convenient
lower sodium temperature of 450 K.

Fig. 3 Hydrogen in argon detection system



2.3 Future Programm e

Safety clearance has been obtained for increasing the LHR to 400 W/cm and power to 15
MWt. It is planned to progressively raise the reactor power to this level. The reactor will be
operated with TG synchronised to the grid till the proposed revised target burnup of 65000
MWd/t is reached. Based on PIE results of 50000 MWd/t burnup fuel SA, assessment will be
made to enhance the burnup further. It is now planned to conduct safety related tests like decay
heat removal by natural convection with sodium pumps tripped, the station blackout test and
sodium void reactivity measurement.

3.0 PROTOTYPE FAST BREEDER REACTOR (PFBR)

PFBR is planned as a 500 MWe, pool type sodium cooled reactor with 2 primary pumps,
4 intermediate heat exchanger (IHX), and 2 secondary loops with 4 SG per loop. Separate safety
grade decay heat removal system (SGDHR) is provided for direct removal of decay heat from
the primary sodium pool. Reactor inlet and outlet temperatures are 670 K and 820 K
respectively with steam temperature at SG turbine stop valve of 763 K at 16.7 MPa. The detailed
design works were continued for the nuclear steam supply system (NSSS). Detailed system
engineering for the balance of plant (BOP) and integration with NSSS is being allotted to
selected competent consultant. Construction of the reactor is scheduled to start in 2001 and
action towards indigenous materials sourcing for all critical components is underway.

The effects of manufacturing tolerances were studied very critically from functional,
design code, manufacturing capability and cost considerations. Drawings and specifications for
the technology development of grid plate were prepared. Cooling arrangement for rotatable plugs
has been incorporated. Design specifications, P&I diagrams and operation notes for top shield
coolant system, sodium heat transport circuits and related auxiliary circuits were prepared. In
order to study the erection sequence of the reactor assembly components, 1:5 scale model of the
reactor is being fabricated.

Important detailed design activities completed during this period are given below.

3.1 Core Engineering

3.1.1 Events Analysis and Reactor Shutdown

Following temperature limits have been accepted for various design basis events (DBE).

Category

I

II

III

IV

Coolant

-

No boiling

No boiling

No boiling

Clad (K)

973

1073

1173

1473

Fuel

No melting

No melting

< 10 % melting area in most rated pellet

< 50 % melting area in most rated pellet



DBEs were listed in the four categories and analysed for consequences, and the need for
reactor shutdown by scram action on two diverse parameters. The sequence of action of various
scram parameters for all the DBEs were identified based on dynamic studies taking into account
a delay of 0.2s in effecting scram. For any DBE in which consequences on fuel, clad and coolant
are below its respective category limits, protective action of scram is not provided. For all other
DBE, the first scram parameter limits the consequences within the specified limits corresponding
to its category. In case the first parameter fails to trip the reactor, the second parameter should
limit the consequences within the specified limits corresponding to next higher category.

Based on above studies, the number of scram parameters has been optimised as 9. These
parameters and respective thresholds are as follows.

Parameter

Threshold

LinP

110 %
nominal

Tp

10s

P

±10
pcm

DND

Yet to
be

decided

P/Q

1.1

©CSAM

nominal
+ 10K

A6M

nominal
+ 10K

58,

10 K nominal
+ 10K

Reactor scram is effected by two diverse and independent shutdown systems. Based on
the world design and operating experience of FBR the total number of unplanned shutdowns is
assessed as 760 of which 462 are at full power. To simplify the shutdown system, by eliminating
LOR and using only scram action, creep-fatigue damage was assessed under thermal transients
following reactor scram and the increase in the creep damage due to elimination of LOR is found
to be insignificant for the hot pool components except the control plug. The creep-fatigue
damage for the control plug is increased marginally (0.44 to 0.55) leading to a reduction in the
thermal striping limit: 57 K for the base metal and 53 K for the weld compared to 71 K and 64 K.

3.1.2 SA Flow in Event of Blockage at Top

SA are guarded against total blockage at the outlet due to falling objects by providing an
adapter. The adapter prevents total blockage at the outlet by providing a leakage flow path
through it to avoid sodium boiling. This leakage flow was theoretically estimated to be 53% of
the flow through the maximum rated SA (which is 36 kg/s). Subsequent full-scale water testing
gave the leakage flow as 62% of the nominal flow.

3.1.3 Estimation of Inter-Wrapper Sodium Flow in Stored SA

Under SGDHR conditions, the primary sodium is cooled by sodium-to-sodium decay
heat exchangers dipped in the hot pool of the reactor. In the absence of emergency power supply
to the primary sodium pumps, sodium circulation through core is only by natural convection.
Analysis of the core under natural circulation, neglecting inter-wrapper flow, indicates that the
clad temperature rise of the stored fuel SA could exceed the specified limit (923 K), due to high
resistance for the flow at these positions. However, the inter-wrapper flow could mitigate this
condition. The cold primary sodium leaving the decay heat exchanger flows down due to adverse
buoyancy, penetrates through the inter-wrapper gap of the shielding SA and flows over the
stored SA sheath, to cool it.



By a 2D axisymmetric
modeling of the hot and cold
pools and inner vessel, quasi-
steady state flow and
temperature distributions in the
pools were evaluated using the
PHOENICS code (Fig 4). The
stored and shielding SA have
been modeled by the porous-
media approach. For a typical
case the inter-wrapper flow has
been estimated to be -0.2 kg/s,
which is enough to maintain the
clad hot spot limits for the
stored SA.

Fig. 4 Flow and temperature distribution

3.1.4 Clad Temperature Evolution during Spent Fuel Handling

It is essential that the integrity of the clad in a spent fuel S A is maintained by providing
adequate cooling all along its handling route starting from in-vessel storage to spent fuel storage
bay. To ensure the integrity, the maximum clad temperature is not allowed to exceed the
specified limit of 923 K. The decay power of the SA is 5 kW at the time of removal from the in-
vessel storage. Theoretical prediction of temperature evolution involves complex heat transfer
processes (predominantly conduction within the sodium and convection and radiation during
travel in the argon space). Towards this, a two dimensional analysis has been done using two
different codes, viz. THYC and PHOENICS. It is found that the temperature limits on clad can
be maintained for all cases except for handling in the hot cell where provision is needed to cool
the SA directly.

3.2 Reactor Assembly

3.2.1 3D Thermal Hydraulic Analysis of Hot Pool

With the aim of determining
the primary sodium flow
distribution at the IHX inlet, a 3-D
thermal hydraulic analysis of the hot
pool was done with detailed
modeling of IHX. A 90-degree
sector model of the hot pool was
developed on a boundary fitted
mesh, using the PHOENICS code
(Fig.5). The tube bundle of IHX has
been modeled using the porous Fig. 5 Velocity distribution in the hot pool
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media approach. An isometric view of velocity distribution in three different planes is shown in
Fig.5. Based on this study, the cross flow velocity profile has been found at the IHX inlet; with
a maximum value of 2.4 m/s occurring at the bottom of the windows. Flow induced vibration
risks are being investigated for this velocity profile.

3.2.2 Thermal Hydraulic Analysis of IHX Sleeve Valve Closure Event

Each IHX is provided with a sleeve valve at its inlet window for the purpose of isolating
the IHX of a particular loop from the primary sodium circuit during emergency single loop
operation of the reactor. An accidental closure of a sleeve valve of one of the four IHX (IHX-1)
during normal operation has been considered as a design basis event and analysed to study the
consequences. It has been found by the analysis that there is no concern for fuel, clad and
primary coolant temperatures during the event, even without any safety actions. The main
concerns are basically on the , , , , , ,
structural mechanics aspects (i)
flow induced vibration risks in the
tubes in the unaffected units (IHX-
2, 3 & 4) due to increased primary
sodium flow, (ii) buckling risks for
the inner vessel due to increased
level difference between cold and
hot pools (2.5 m) and (iii) creep-
fatigue damage at the IHX
rubesheets due to high AT of 211
K at the hotter end of affected
IHX. The evolution of these AT are
shown in Fig.6. The reactor inlet
temperature is available as a scram
parameter. The difference between
IHX secondary outlet temperatures
of a particular loop is considered as
an alarm signal for initiating
manual scram.

60 120 180
Time, s

240 300

Fig. 6 Evolution of temperature gradients

3.2 3 Effect of Manufacturing Tolerances on Buckling Strength of Inner Vessel

Effect of manufacturing tolerances (ovality, local misalignment between redan and the
lower cylindrical shell) on the buckling strength of inner vessel is assessed based on analysis
using CASTEM 2000. For the analysis, the mechanical load due to pressure of 4.5 m of sodium
head under sodium spillover condition and self weight of about 62 t including 6 standpipes are
considered. The main thermal load is the axial temperature gradient of-1000 K/m due to the
thermally stratified layers formed in the vicinity of the lower bend region. While the initial shape
of geometrical imperfection is assumed as the buckling mode derived from the elastic buckling
analysis (Fig.7), the amplitude is kept as a parameter.
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Fig. 7 Buckled mode shape Fig. 8 Effect of geometrical imperfection

The reduction of load factor is expressed as a function of amplitude of geometrical
imperfection (Fig. 8). Based on the study and the tolerance that could be achieved by the
industry, the thickness has been increased from 15 mm to 20 mm for the redan.

3.2.4 Dynamic Pressure on the Main Vessel under Leaked Condition

Occurrence of operating basis earthquake (OBE) when there is a leak from the main
vessel is a category IV DBE for PFBR. The main threat during this event is buckling of main
vessel under dynamic pressure that
could develop in the sodium contained
in the annular space between main
vessel and thermal baffle, as well as in
the leaked sodium contained in the
space between main vessel and safety
vessel. Seismic analysis is done using
CASTEM 2000 including the effects of
fluid structure interaction. The net
external pressure distribution on the
vessel is obtained as indicated in the
Fig.9. Buckling analysis for this
pressure is being made.

Q

0.025 0.050 0.075 0.100 0.125

Dynamic pressure (MPa)

0.150 0.175 0.200

Fig. 9 Dynamic pressure distribution
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3.2.5 CDA Analysis with Reactor Internals

Earlier CDA analysis has given a work potential of 100 MJ. The main vessel with its
internals viz. grid plate, core support structure, inner vessel and control plug including the top
cover and support skirt were analysed for damage for this potential using an in-house code
FUSTIN. For the components which are not included in the model, added masses are considered
at the appropriate locations so as to maintain overall mass balance. Evolution of core bubble
expansion is shown in Fig. 10.

Fig. 10 Evolution of core bubble expansion under CDA

The net energy absorbed by the internals is ~5 MJ and 45 MJ by the main vessel. The
maximum strain in the main vessel is -2%. With the presence of grid plate and core support
structure, the downward movement of main vessel is insignificant (~6 mm). Hence the main
vessel does not impact on the safety vessel. The masses of core sub-assemblies, grid plate and
core support structure reduce the downward load on the bottom portion of the main vessel and
thereby reduce the roof pull down load during early stages of accident. The first peak load is 70
MN. As a consequence of the slug impact, the load at the second peak is -220 MN. The overall
structural integrity of primary containment is assured comfortably.

Because of inertia, the net tensile load on the vault is absent and the compressive load is
~ 52 MN. Thus the vault needs to be designed for a compressive load of 52 MN (transient) only
apart from the constant compression due to dead weight of reactor assembly (-40 MN). The
control plug plays a key role in reducing the sodium release to RCB. The quantity of sodium
release to RCB is about 600 kg which decides the pressure loading for the RCB.



3.3 Secondary Sodium Circuit

3.3.1 Freezing of Sodium in Pipes

In the secondary sodium loops, sodium freezing is used to isolate any failed SG and
continue operation with the remaining modules. Sodium freezing is proposed by removing a
portion of the insulation over the pipe and cooling it. Theoretical and experimental studies
indicate that sodium freezing is hindered due to natural circulation of sodium in the portion of
horizontal pipe. For a horizontal pipe size of 90NB, the measured temperatures of sodium
matched well with the prediction of PHOENICS code. It is seen that in horizontal pipes of large
diameters it is practically impossible to freeze sodium for reasonable lengths of insulation
removal with forced cooling. However, in vertical segments it is possible to form sodium plug
for even lm length of pipe cooled by forced convection of air.

3.3.2 Investigation of LBB for SG

Leak before
break (LBB) argument
has been demonstrated
for SG shell as per the
French LBB assess-
ment procedure A16
(1995) in conjunction
with CEGB/R-6, rev-3.
The J0.2 value of 100
kJ/m2 extracted from
the published material
test data generated for
the modified 9Cr-lMo
under 5000 h thermal
ageing at 823 K, is used
for the estimation of CQ.

400

82 110 137 165 192 220 246 273 299 324 349

CL= 123 Half cracklength (mm)

Fie. 11 LBB demonstration for SG

A leak rate of 1 kg/h which can be easily detected is derived from the sensitivity
requirement of ASME Section XI, including a factor of safety of 10. Accordingly the CL is
estimated. The required fracture mechanics parameters, viz. Japp and crack opening area AL are
computed by means of finite element method using CASTEM 2000 code .

The critical crack length (2CQ) is 538 mm which is decided by a large sodium water
reaction loading (5.3 MPa plus 137 kN-m out-of-plane bending moment). The detectable crack
length (2CL) is 246 mm. The available safety margin on the global instability (a = CG/CL) is found
to be 2.2 which is more than the required factor of safety of 2 for the LBB justification. Further,
it is also ensured that the ratio between limit load (ML) and applied load (Mapp) is about 2.25
which is again more than the minimum required value of V2 as per USNRC. Thus LBB
argument is demonstrated for SG (Fig. 11). The maximum design leak rate has also been
computed as 0.4 kg/s and the associated crack opening area is about 0.08 cm2 calculated based



on the detectable crack length under the large steam water reaction loadings. The corresponding
leak rate during normal operation is 0.4 g/s only.

3.4 Technology Development

Manufacturing technology development of critical components and materials was
continued. Manufacturing of prototypes of control and safety rod drive mechanism (CSRJDM)
and diverse safety rod drive mechanism (DSRDM) are in an advanced stage. Trials on inner
vessel conical sector with modified dies have been done to get a better profile. Manufacture of
roof slab sector is in an advanced stage, major welding procedures have been qualified and
manufacture of individual components is nearing completion. Transfer arm machine drawings
and documents were approved and top seals assemblies made in carbon steel are under
manufacture. All the 170 tube to tubesheet joints for SG reheater were made by in-bore welding
and post weld heat treated. Evaluation of weld joints was done by thulium as well as microfocal
X-ray machine for some of the joints. Further work on shell assembly is in progress (Fig. 12 and
Fig. 13).

23 m long SS 316LN tubes for IHX have been produced successfully. Indigenous
manufacture of finned tubes for the sodium to air heat exchanger has been taken up. Indigenous
manufacturing of raw materials such as clad tubes, IHX and SG tubes, large size ASS, modified
9 Cr-lMo and CS plates and welding consumables is continued.

Fig. 12 SG reheater welding



Fig. 13 SG reheater assembly

3.5 Safety and Environmental Aspects

3.5.1 Safety Review

The Project Design Safety Committee and the Internal Safety Committee continued the
two level safety review of the PFBR design. The following topics were discussed during the
year: core, reactor assembly, sodium heat transport circuits, radiation protection, design basis
events analysis, electrical and steam-water systems and their recommendations are being
incorporated.

3.5.2 Reliability Analysis

Preliminary reliability analysis of the shutdown system of PFBR has been completed. It
is found that failure probability of actuation system is 1.5 x 10"9 per demand and that of plant
protection system is 5 x 10"7. The statistics of off-site power failure at Kalpakkam, based on the
records available has been generated. It is observed that average frequency of power failure is
4.2/y, longest power failure duration is 9 h and average power failure duration is 32 min. Based
on this data and failure data of diesel generators, the station black out duration and frequency
distribution at Kalpakkam has been evaluated.



3.5.3 Environmental Impact Assessment (EIA)

In order to obtain statutory clearance for the construction of PFBR from the Ministry of
Environment and Forests, an EIA study is being carried out. A detailed tender specification was
prepared and the work was awarded to a competent consultant. The work commenced during the
middle of August 1999 and the measurement of the environmental parameters is to be done for a
year. A "rapid" EIA report with measurements based on one quarter is already prepared.

3.5.4 Site Evaluation

The site evaluation report was revised based on updated input for seismic, geological,
hydrological, meteorological, demographic data and land use. Site boundary doses due to
radioactivity discharges under normal operations and accidental conditions were evaluated. The
inter-relation between the radiological impact of PFBR and the other facilities at Kalpakkam is
being studied.

4.0 RESEARCH AND DEVELOPMENT

4.1 Reactor Physics

Eigenvalue separation method of studying the neutronic coupling of PFBR core has been
developed. Methodology of evaluating the number of tests needed to demonstrate the reliability
of the shutdown system absorber rods fall on demand and / or the number of pins to be irradiated
in a reactor to find failure rate has also been developed. 233U needed to be added to PFBR test
fuel pins was estimated for getting desired linear power when irradiated in FBTR.

A comparative study on codes and data used in shielding design of PFBR is continuing
against ID slab, ID spherical, 2D (r, z) and 2D (x, y) benchmark. A new multigroup data set,
named IGCS2 has been prepared from ENDFB/VI file for use in reactor shielding studies. The
set is being tested against the available shielding benchmarks,

4.2 Engineering

4.2.1 Large Components Test Rig (LCTR)

The operation of LCTR, a major sodium facility, was continued for heat transfer studies
related to PFBR roof slab. The first phase of the experiments was completed in one of the test
vessels, with dip seal at the bottom of the roof slab. The second phase heat transfer experiments
without dip seal needed removal of the 2 m dia dip seal after taking out the rotatable plug model
(Fig. 14) and entering the test vessel. After mockup trials outside, the actual job was carried out
satisfactorily and the second phase heat transfer experiments will be now continued.
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Fig. 14 Removal of PFBR rotatable plug model from test vessel

4.2.2 Sodium Testing

Work is being done to indigenise the production of various types of heaters suitable for
sodium operation upto 870 K. SS sheathed and MgO insulated cable heaters, of size 3 to 4 mm
dia, have been developed (Fig. 15). Development of high surface watt density heaters of rod
type and U type is in progress. These indigenously developed heaters were subjected to various
tests including endurance tests in sodium.

A new sodium rig named SILVERINA is being constructed for conducting various small
component experiments. This is a dynamic loop with AC conduction pump, storage tank, three
test pots, cold trap, plugging indicator, heater vessel and sodium sampler. All the components
were positioned and the loop piping was also completed. The loop will be commissioned shortly.
The experiments to be conducted at first are tests on safety rod drive mechanism electromagnet,
testing of invessel transfer machine bearing and study of sodium deposition in annular gaps.
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Fig. 15 Indigenously developed cable heater

4.2.3 Sodium Pump Development

The work related to the development of the hydraulics of the compact PFBR primary
sodium pump has progressed well in the industiy. Based on further review the pump speed has
been selected as 590 rpm. Manufacture of 1/2.75 scale hydraulic model and erection of test
facility have been completed. In parallel, experiments on an earlier model pump were completed
to establish procedures for cavitation erosion measurements by (a) paint application technique
and (b) fixing polished stainless steel specimens in vane inlet passages

The dynamic behavior of the primary pump rotor assembly is being investigated in a full-
scale test setup. Measurement of vibration and shaft orbital plots at 140 rpm test speed was
completed and, based on the feedback, hydrostatic bearing design was modified. Experiments at
400 rpm have commenced.

A development contract is in progress at a research institute for validation tests on slip
joints required for primary and secondary sodium pumps. Leakage flow and cavitation
experiments on the primary pump slip joint have been completed under both pump aligned and
inclined conditions. Necessary design improvements are being incorporated. Manufacture of
piston ring seal for secondary pump slip joint is in progress.

4.2.4 Drive Median isms Tes ting

Testing of the full-scale dashpot assembly of the CSRDM has been completed for the
rated fall height, weight and oil temperature. The final design was found satisfactory.



Manufacture of the full scale dashpot assembly of DSRDM has been completed and
initial experiments have yielded satisfactory results. Based on qualification tests comprising
leak-rate, friction force and fast drop measurements, labyrinth type V ring seal has been selected
as the primary barrier in both the mechanisms.

In collaboration with a research institute, design and manufacture of a demonstration
temperature sensitive magnetic switch have been completed. High temperature magnetic
properties were successfully measured which formed the input data for switch design.
Manufacture of solid round required for prototype switch from a specially synthesised alloy of
Fe-Ni-Co alloy has been completed.

4.2.5 Flow Distribution Device Development

Work for evaluating flow distribution device at IHX tube bundle inlet, and temperature
mixing device at tube bundle outlet has been completed. The experiments on 1/2 scale air
models have yielded useful design feedback.

The efficacy of different flow distribution devices at the inlet plenum of SG to achieve an
acceptable velocity distribution across tube bundle was determined in a 3/5 scale model in a
water rig. An annular baffle plate with 40% porosity has given desired results.

4.2.6 Gas Entrainment Studies in the Hot Pool

One of the sources of argon gas entrainment in the reactor is through the IHX primary
inlet windows. To understand the mechanisms of gas entrainment, experiments have been
conducted in 1:18 and 1:9 scale slab models (Fig. 16). Froude similarity has been maintained
using water as the simulant. Core outlet velocity is taken as the characteristic velocity. It has
been found that the main mechanism of air entrainment in the models is liquid fall, generated
when the core outlet liquid impinges on the upper shell of inner vessel and travels upwards
before fall. Another mechanism observed on the free surface is shedding of shallow vortices
around IHX due to the liquid flow at the free
surface towards the control plug. This
mechanism is found to be weaker than the
liquid fall. No standing vortex gas core has
been observed at the free surface.
Preliminary analysis of the experimental
results indicates that the present window

submergence depth of 1.4 m is sufficient to
avoid gas entrainment. Studies on 1:27
model is in progress to understand further
the scale effects.

Fig. 16 1/9 scale slab model
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4.2.7 Testing of Drive System for FFIM

There are three failed fuel identification modules
(FFIM) each covering 66 fuel SA for the detection of failed
fuel by sampling sodium for delayed neutrons (Fig. 17).
Sodium sampling tubes are positioned above the top of
each fuel SA and the other ends are connected to the
selector valves, which consist of base plate, selector plug
and guide. Drive shaft of the selector mechanism is rotated
by a positional drive system (PDS). A DC servomotor
actuates the mechanism with speed feedback from a
tachometer. The positional accuracy required for the PDS
at the spline coupling is 10 arc-minutes. Installation,
commissioning and testing of PDS was carried out along
with the relevant portion of FFIM. The satisfactory
performance of both software and hardware of PDS was
established. The test results confirm the feasibility of
making a selector valve for 66 positions of sampling tubes
within the limited space available.

Manufacture of a prototype selector valve for
testing in water and sodium is nearing completion.
Replacement time measurements on sodium capacity were
completed in a water rig.

4.2.8 Instrumentation

An experimental study was carried out to determine
the effect of fill gases on the response time of FBTR core
thermowell which is identical in design to that of PFBR.
The study revealed that among the gases (argon, nitrogen,
helium) that were filled in the thermowell, helium gave rise
to faster response time with less dispersion.

The capability of the ultrasonic under-sodium
scanner developed for FBTR has been improved with the
addition of two more transducers to enable the imaging of
SA head. In addition, the scanner drive system has been
fitted with micro-step controlled stepper motors for
improving the spatial resolution during the scanning
process. Imaging trials were conducted under water and
Fig. 18 shows sample objects (SA head and letters "IGC"
stenciled on a SS plate).

Fig. 17 FFIM - Schematic



Fig. 18 Objects and under water ultrasonic image

An in-core flow measurement device using an eddy current flowmeter has been
developed and hydraulic tested to determine pressure drop and leakage flow. Testing of the
device in sodium has also been completed before installation in FBTR.

Sodium level sensor systems developed at IGCAR, had its manufacturing technology
transferred to two local companies for manufacture.

4.2.9 New Facilities

In order to study the behavior of microleaks, self-wastage, leak enlargement and
impingement wastage of steam generator tubes, an experimental sodium facility has been
constructed. Ten tonnes of sodium required for this facility has been charged into the storage
tank.

All the sodium tanks for the steam generator test facility have been delivered at site.
Orders were placed for oil fired heater and design, supply, erection and commissioning of steam
water system. Order was also placed for suitable boiler feed pump. The design of the test
equipment i.e. steam generator was completed and order placed.

All the process vessels, mixing, dilution, storage tanks and agitators for mixing tanks for
boron enrichment facility have been installed at site and pipelines were erected. The resin shall
be charged into the vessels and commissioning work taken up shortly. In an experimental set up,
after charging boric acid, the borate band was displaced to a length of about 40m on continuous



operation of the set-up and an enhancement in the isotopic composition of 10B from 19.8% to
25% was achieved.

4.3 Structural Mech an ics

Validation of structural design of critical components was continued by conducting
experiments and collaborative projects with other R&D institutes in the country. Tests were
conducted in the domain of high temperature design, fracture mechanics and seismic analysis.
Some specialised facilities for simulating (i) creep-fatigue damage and creep crack growth on
specimens having component features; (ii) thermal ratchetting in axially loaded thin shells
subjected to moving axial temperature gradients; (iii) surface crack propagation behaviour in
dog-bone plate specimens subjected to predominantly bending stresses; are operating
satisfactorily. Sophisticated loading rigs have been constructed for structural integrity tests on
1/5 scale models of core support structure; 1/4 scale models of SG shell nozzle junction; 1/5
scale models of primary sodium pipe; and buckling of 1/20 scale models of main vessel; 1/15
scale models of inner vessel; and SG/IHX tubes. Seismic experiments were conducted on 1/30
scale model of main vessel filled with water at various
levels to understand the sloshing behaviour of the sodium
free level and a single row model consisting of 7 SA, using
the 2 t capacity slip table system. Tests conducted have
yielded interesting results, a few of which are given below.

4.3.1 Core Seismic Experiments

Validation of CORESEIS, a code for predicting the
dynamic movements of core SA under seismic base
excitation was continued by changing the core
configuration, from a cluster to a single row model
consisting of 7 SA (Fig. 19). Tests conducted in air with
varying base excitation levels (0.2-0.5g) and nature of
excitation (sinusoidal and random) have shown excellent
comparison of natural frequencies with code predictions.
The natural frequencies for the first three modes, viz. 3.4,
22.72 and 65.2 Hz are predicted by CORESIES with an
accuracy of ±1 %. Tests in water are in progress. Fig. 19 Row model on slip table

4.3.2 Structural Integrity Tests on 1/5
Scale Primary Sodium Pipe

In order to demonstrate the
structural integrity of primary sodium
pipe, 1/5 scale model of the pipe has
been tested for understanding the
deformation behaviour, particularly
ovalisation of the pipe section under
combined bending moment and torque
which is the typical loading combination
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Fig. 20 Test setup for primary sodium pipe



applied at the purnp header nozzle under a seismic event. Fig.20 shows the test setup and Fig.21
depicts the comparison of measured ovalisation at a critical section with the predicted
deformation by CASTEM 2000.
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Fig. 21 Ovalisation of a critical pipe section ( x x Test, Theory)

It is worth mentioning that the ovalisation in association with normal bending and
torsional deformations give important stresses at the critical location which need to be checked
from fatigue and fracture mechanics considerations. Crack propagation tests after incorporating
a notch at the critical locations are nearing completion.

4J .3 Buckling Tests on 1/15 Scale Models of Inner
Vessel

Six 1/15 scale models of inner vessel were
fabricated with the radial tolerance less than ±1 .6
mm (2xthickness) and buckling tests were conducted
under pressure, concentrated load through 6 stand
pipes and pressure plus concentrated loads (Fig.22).
The models were analysed using ABAQUS and
CASTEM codes taking into account imperfection and
plasticity. The ABAQUS predictions are generally
conservative compared to CASTEM: the critical
buckling pressure is equal to 0.106 MPa by
CASTEM and 0.095 MPa by ABAQUS against the
measured value of 0.09 MPa. The critical buckling
load along the stand pipes is 1.5791 by CASTEM and
1.426 t by ABAQUS against the measured value of
1.6 t. This study has raised the confidence in the
buckling design of inner vessel.

'?: • i . " . - . .

Fig. 22 Buckled mode shape of inner vessel



4.3.4 Buckling Tests on IHX
Tubes

Since straight tubes are
used for IHX, buckling risks were
investigated carefully based on
tests and FEM analysis. Buckling
tests on full scale tubes
incorporating the intermediate
supports with all the details were
completed at room temperature
and the critical buckling load
(axial compression) has been
compared with the theory. The
critical axial displacement
predicted by FEM is 5.5 mm over
six spans, compared to 6 mm by
tests. The axial buckling load

Fig. 23 Test setup for buckling analysis of IHX tube

predicted by theory is 7900 N compared to the measured value of 8500 N. Based on this
analysis, it is concluded that an IHX tube can accept a AT of 30 K to respect the RCC-MR
criteria.

4.3.5 Collapse Test on 1/4 Scale SG Shell Nozzle Model

In the LBB analysis of SG, one of the
important parameters which has been determined
numerically is collapse load for the shell nozzle
junction. In order to validate the collapse load
predicted by CASTEM 2000, a test has been
conducted on lA scale model of SG (Fig.24). The
collapse load obtained by test (4.32 t) has been
predicted satisfactorily. Fig.25 shows the load-
deflection curve which is the basis for the
collapse load estimation. Further tests on the
models incorporating fatigue induced through-
wall-crack of various sizes are in progress.
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Fig. 24 Collapse test setup
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Fig.25 Load-deflection curve



4.3.6 Validation o/FUSTIN Code

Phase II tests on 1/30 scale
models of main vessel (MV) without
internals were done for transient
deformation behaviour using varying air
gap above free level of water under
chemical explosion (pentolite). A few
collapse tests were also conducted to
assess the energy potential of the vessel.
Totally 24 vessels were tested. The
prediction by FUSTIN of vessel
deformations (D-type with no air gap,
B-type with 30 mm air gap and P-type
with 60 mm air gap) shows excellent
comparison with the observed shapes.
Further investigations are in progress.
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Fie. 26 Deformed MV model on the test bed

4.4 Safety Engin eering

4.4.1 Sodium-Concrete Interaction Studies

A locally available rock aggregate called dunite, that is basically an olivine mineral and
orthosilicate of magnesium, has been identified as a possible coarse aggregate for sodium
resistant concrete. This aggregrate is used in the refractory industry because of high thermal and
volume stability. Preliminary screening tests were conducted on dunite and the following are
some of the results:

a) Sodium exposure tests at 770 K indicated better compatibility of dunite with sodium
compared to limestone or granite.

b) Exposure to sodium hydroxide at 870 K indicated that dunite had better compatibility with
sodium hydroxide than limestone or granite.

c) By heating the dunite samples in furnace it was observed that at temperatures above 870 K
dunite had better thermal stability compared to limestone but below that temperature,
limestone was better.

4.4.2 Core Catcher Studies

To validate the computational model used for estimating the maximum temperature of the
core catcher plate and the surrounding sodium coolant in PFBR, an experimental programme in
water has been finalised. This envisages 1:4 scale model setup for the core catcher assembly,
simulating the decay heat of 1 MWt of core debris for the actual reactor and mapping of the
temperature at different locations as a function of time. It is proposed to study the heaping effect
of the core debris in the reactor by suitably varying the heat flux across the core catcher plate in
the experimental setup.



ife'f

4.4.3 Activated Corrosion Product Transport and Deposition Studies

The code developed for the estimation of the activated corrosion products in sodium
systems was applied to FBTR. Unlike the fixed source in experimental sodium loops, FBTR has
varying source depending on the power of operation. Hence, the validated code was modified to
include the core release terms in addition to the loop release terms. The FBTR primary circuit
has varying pipeline geometry and this was taken care of in the code by varying flow cross-
sections at the pipeline junctions with small increments from mass conservation considerations.

With the above modifications, the simulation was considered for the period beginning
from June 1990 to April 1999. The data required for the code are. of two types, namely, constant
and varying with reactor operation. The constant data set includes flow length and elemental
compositions of the structural materials present in the activation zone. The varying data set
consists of power of operation, temperature of the different segments of the flow circuit, oxygen
concentration in sodium and velocity of sodium. The ten-year period has been followed in 488
time segments based on the reactor operation history.

The preliminary results of the deposition pattern of 54Mn and 60Co predicted by the code
are shown in Fig.27, at different locations of the primary circuit, taking the sodium outlet point
of the IHX as zero point.
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Fig. 27 Calculated activity deposition in FBTR

4.5 Fuel Development

4.5.1 Fuel Fabrication

The present Mark-I fuel of FBTR of composition 30 UC : 70 PuC, is being progressively
augmented by Mark-II fuel of composition 45 UC : 55 PuC. The required Mark-II
subassemblies are being fabricated.



Development work for mixed (U,Pu) oxide fuel for PFBR has been continued.
Measurements of thermophysical properties such as thermal diffusivity/conductivity and
coefficient of thermal expansion has been carried out on sintered pellets and three mixed (U,Pu)
oxide compositions of 21%, 28% and 40% PuO2 prepared by cold compaction/sintering route.
Thermal diffusivity has been measured from 873 K to 1873 K by laser flash technique and
coefficient of thermal expansion has been measured from ambient to 1473 K using high
temperature dilatometry.

Shrinkage behaviour of UO2, PuO2 and mixed (U,Pu) oxide pellets with 20%, 50% and
76% PuO2 has been studied under inert, reducing and oxidising atmospheres using dilatometry
technique. These studies are part of development of sintering process to fabricate mixed oxide
fuels over a wide range of Pu content.

4.5.2 Fuel Characterisation

Thermal ionisation mass spectrometry is used for the determination of isotopic
composition of U and Pu whereas electroanalytical methods like potentiometry, biamperometry
and coulometry are used for the determination of concentration of U and Pu after quantitative
dissolution of the solid samples. During the last couple of years, simple, rapid and accurate
electroanalytical methodologies have been developed which also help in minimising the
generation of laboratory waste containing complex ions like phosphate. Alpha spectrometry is
used for the determination of 238Pu and 241Am in plutonium samples. An alternate and simpler
approach based on alpha and gamma counting of the Pu solution containing Am is being
developed as this would obviate the chemical separation of Am and Pu. Isotope correlations
involving 238Pu/(239Pu+240Pu) alpha activity ratio determined alpha spectrometrically and atom
ratios of different Pu isotopes using the data from PHWRs are proving very useful for providing
data in the chemical quality control of FBTR fuel samples.

Moisture analysis using electrolytic method based on coulometry is done for U and Pu
samples as a part of the chemical quality control. A large part of the effort is involved in the
recovery of Pu from the scrap which involves quantitative dissolution of the sample followed by
recovery, estimation etc. Recently, work has been initiated to determine the percentage of U(IV)
and U(VI) in UO2 samples using biamperometry with the objective of investigating the
correlation, if any, with the surface reactivity of UO2 powder.

Mass spectrometry coupled with isotope dilution is also used for providing data on
concentration of U and Pu in reference materials required in other analytical methodologies.
Electroanalytical techniques have also been used to characterise the indigenously developed
reference materials Rb2U(SC>4)3 and K4Pu(SO4)4 which are proving useful in the event of non-
availability of certified reference materials from abroad.



4.6 Metallurgy

4.6.1 High Temperature Mechanical Properties

High temperature low cycle fatigue studies on indigenously produced modified 9Cr-lMo
ferritic steel in normalized (1313K/lhr) and tempered (1033K/lhr) condition were carried out at
773, 823 and 873 K. Tests were conducted at a constant strain rate of 3xlO"3 s'1 at various strain
amplitudes in the range 0.25 to 1.0%. The cyclic stress response behaviour showed a brief initial
hardening followed by a gradual softening regime which continued up to the specimen failure.
Fatigue life was found to decrease with increase in temperature which was attributed mainly to
oxidation.

Creep rupture behaviour of modified 9Cr-lMo ferritic steel base metal and weld joint
were evaluated at 823, 873 and 923 K in the stress range 60-250MPa. Creep tests were
conducted on specimens subjected to post weld heat treatment at 1033 K/lhr. Weld pads were
fabricated by shielded metal arc welding process using basic coated modified 9Cr-lMo
electrodes. The weld joint showed lower creep strength than the base metal at all the test
temperatures. Inferior creep strength of the weld joint resulted from the premature creep failure
in the inter-critical region of the heat affected zone (HAZ). Creep failure occurred as a result of
progressive localization of creep strain in the inter-critical region of HAZ.

The creep-fatigue interaction behaviour of Alloy D9 with a Ti /C ratio of 4 was evaluated
in solution annealed and 20 % cold worked conditions. The introduction of tension hold reduced
the fatigue life in both the conditions. Cold worked material showed a continuous reduction in
life with increase in hold time whereas the solution annealed material exhibited a recovery in
fatigue life at longer hold times. The variation in fatigue resistance as a function of hold time was
rationalized on the basis of precipitation and damage behavior.

4.6.2 Plastic rj-Factor for Three-Point Bend Specimens of AISI 308 Weld and AISI 316
Stainless Steels

Instrumented impact test results obtained using V-notch and precracked Chaipy
specimens of AISI 308 weld and AISI 316 stainless steels were analysed for determining the
plastic "n-factor for three-point bend specimens used in J-integral evaluation. Tested 316 stainless
steel specimens were in various thermal aging/cold-work conditions whereas 308 weld
specimens were in the as-welded condition. The results were analysed using the various
procedures proposed in the literature and compared with experimental and finite element results
reported in the literature. Based on our analysis, two polynomial expressions of a!W for rjp\ are
presented: one gives an upper-bound in the alW range 0.05-1.0 while the other gives
conservative values for engineering use. Both provide a smooth variation of 7]p\ over the entire
alW range unlike some of the expressions given in the literature which show a discontinuous
change at an intermediate alW.



4.6.3 Dynamic J-R curves and Tension Impact Properties ofAISI 308 SS Weld

Instrumented tension - impact (dynamic tensile) and instrumented Charpy impact tests
were conducted on AISI 308 SS weld metal at room temperature. A few Charpy specimens,
precracked to different a/W ratios in the range 0.42 to 0.59, were also tested. Dynamic yield
strength obtained from tension - impact agrees well with that from Charpy V-notch (CVN)
specimens. The strain rates obtained during the tension - impact test are compared with the
various estimates of strain rates for CVN and precracked CVN specimens. A variation of the
compliance changing rate method was necessary for determining the crack initiation point while
crack growth was determined by power law key-curve procedure. J-R curves thus obtained from
CVN and precracked CVN specimens were compared with those computed from standard
procedures using dynamic tensile test results. The following conclusions emerged from this
study:

1. For both CVN and precracked CVN specimens of 308 SS weld, d(ACsp / Csp)/dd and dd/dP
plots with respect to d can be used to identify crack initiation.

2. Power law key-curve procedure is successful in accurately estimating the crack growth
during impact fracture of precracked CVN specimens of 308 SS weld.

3. Crack initiation point determined by above methods show reasonable agreement in both
CVN and precracked CVN specimens.

4. Owing to inertial load effects (and partly due to strain rate effects), dynamic yield stress CTyd
estimated using precracked specimens shows satisfactory agreement with that from tension-
impact tests.

5. J-R curves from CVN specimens are much higher that those from precracked specimens;
however, the slopes of the J-R curves seem to be similar. J-R curves from low-velocity tests
are lower than those from high-velocity tests.

6. J-R curves obtained using the EPRI standard procedure do not show good agreement with
those from precracked Charpy tests; however, the stress state prevailing in precracked
Charpy specimens of the present 308 SS weld seems closer to plane strain than to plane
stress.

4.6.4 Transformation of Delta Ferrite During Creep in a Type 316LN Stainless Steel Weld
Metal

A quantitative study on the transformation behaviour of delta-ferrite in a type 316LN
stainless steel weld metal during creep in the temperature range 823 - 923 K was carried out.
The fraction of delta-ferrite transformed was determined from Magne Gage measurements on the
samples after creep fracture at various stress levels, i.e., after different durations of creep
exposure. A comparison of the fraction of transformation in 316 and 316LN weld metals showed
that it was not influenced by the differences in chemical compositions between the two weld
metals. The transformation was found to follow the Avrami kinetics, X = l-exp(-bt") where X is
the fraction of delta-ferrite transformed, t is the time to rupture and b and n are constants, n was
found to be independent of temperature. An apparent activation energy for transformation, Q,
was determined from the temperature dependence of the constant b expressed as bo.exp(-Q/RT)
as ~ 160 kJ.mor1 which is similar to that for Mo diffusion and for boundary diffusion in 316 SS.



X-ray diffraction analysis of the precipitates extracted from the creep tested samples indicated
the presence of Mo-rich phases rj and %.

4.6.5 Correlation of Deformation and Rupture Properties of 316 and 316LN SS Base and Weld
Metals

The creep data obtained on the base and weld metals of types 316 and 316LN SS were
analysed to obtain the correlation between minimum creep rate, rupture life and rupture ductility
using Monkmann-Grant (es

w.fr = constant - MGR) and modified Monkmann-Grant (es.fr / Ef =
CMMG - MMGR) relations. It was found that in log ss versus log tr plots, data for both the base
metals fall on a single straight line with a slope of ~ -1.15 albeit with a high scatter. The data for
the weld metals on the other hand, showed a two-slope behavior; (i) with a slope of ~-1.2
corresponding to tt < ~ 3000 h at 873 K, and (ii) with a slope o f - -1.55 corresponding to tr > ~
3000 h at 873 K. The data band for the weld metals fall clearly below the data band for the two
base metals. In the MMGR plot for the base and weld metals, two-slope behaviour was not
observed; the data for both the weld metals for the whole range of test conditions fall on a single
line below that for the base metal though with a high scatter. The slopes of both the lines are
similar to that in MGR, namely about-1.15. Thus, the two-slope behaviour of the weld metal in
MGR could be attributed to the transformation of 5-ferrite to brittle intermetallic phases such as
a and % which result in drastic reduction in ductility.

Creep damage tolerance parameter X = Sf/es.tT of 316 and 316LN SS base and weld metals
was determined. For both the base metals X was found to be in the range 1.87 to 5.85 in the
whole range of stress levels at both the temperatures. For the weld metal, on the other hand, at
923 K it was in the range 10 to 20. At 873 K, X was found to be between 3.4 and 5.0 in the stress
range 245 - 320 MPa, which rises sharply to more than 30 in the low stress regime. It is also
reflected as an extended secondary stage in the case of weld metal, i.e., time to the onset of
tertiary creep forms a major part of the rupture life. The high damage tolerance factor for the
weld metal compared to the base metal was attributed to the nature of cavity nucleation sites in
the two materials, namely the grain boundaries in the base metal and the hard second phase
particles in the weld metal. The values of X were found to be consistent with those arrived at
from continuum damage mechanics and micromechanistic approach to creep fracture, i.e., X ~ 2
to 5 for necking and boundary diffusion controlled void growth, and X > 10 for damage by
degradation of microstructure by particle coarsening during creep in precipitation strengthened
systems. In the case of weld metal tested here, therefore, a high X value obtained at 923 K and at
low stresses at 873 K can be considered to be indicative of the fact that damage is associated
with precipitate coarsening.

4.6.6 On the Use of Heat Correction (HC) for Correlating Multiple Heat Stress Rupture Data
on 316LN Stainless Steel

SS 316LN is the choice as the structural material for PFBR and creep rupture database
for this steel is being developed. Least square fitting of isothermal stress rupture data on a large
number of heats of SS 316LN from the European Commission's Working Group to a multiple
heat correlation developed at IGCAR by Ray et al (hereinafter referred to as RSR) was carried
out. It is demonstrated that isothermal multiple heat stress rupture data on type SS 316LN



available in the literature can be successfully described by the HC used in RSR. For 99.73%
confidence interval, the uncertainty in predicted rupture life decreases from a factor of -39
without any heat correlation to a factor of ~ 6 by including RSR heat correlation. Also, it is
possible to consider SS 316LN heats as belonging to SS 316 group itself. The isothermal
correlations combining the already generated database on 316 SS with the available data on
316LN SS are established. These correlations can be utilised to (i) predict the rupture life of any
of the heats included in the analysis at these temperatures, (ii) to economically generate long-
term data to extend the validity range for extrapolation, and (iii) to characterize a new heat of SS
316orSS316LN from a few short duration tests.

4.6.7 Development of Process for Aluminising of Inconel 718 Support Structures for PFBR
Steam Generator

The PFBR steam generator consists of evaporator modules containing Cr-Mo tubes of 18
mm OD and reheater modules consisting of 36 mm OD tubes that are supported at one metre
intervals by structures made of corrugated Inconel 718 strips. Aluminising of the Inconel 718 has
been chosen for this application because of the excellent performance of aluminide coatings in
reducing impact fretting wear of the tubes due to flow-induced vibrations. Originally a pack-
cementation process was developed to carry out the work for one SG module. The disadvantages
of this process are, high cycle times, large number of operations and elaborate equipment
requirements. A new process for aluminising has been developed based on direct spraying of
aluminium metal, followed by diffusion treatment in vacuum. This process enabled aluminising
to be carried out at a much lower cost (about 20% of the cost) than the pack process. Further, the
process enables coating on the bearing side of the corrugated strips

Technology development involved standardising of process parameters to achieve the
necessary coating thickness viz. 50-110 microns. Actual work comprising of aluminising 1068
strips of varying lengths between 150 - 640 mm and containing 2 to 19 corrugations per strip was
carried out in 3 batches. Two of the treatment batches qualified based on thickness
measurements on test coupons, while a deficiency of up to 25% was observed on 50% of the
coupons used in the other batch.

4.6.8 Role of Compositional Factors in Hot Cracking ofAustenitic Stainless Steel Weldments

Hot cracking is an important problem encountered during the welding of austenitic
stainless steels. The weldability behaviour of clad material alloy D9 and structural material
316LN stainless steel that are of interest to the Indian fast breeder reactor programme, has been
investigated in detail. In D9, the relation between composition and cracking was studied to
optimise the titanium content for weldability. The effect of nitrogen on cracking of type 316LN
weld metal was of interest. The Varestraint test was used to study hot cracking behaviour in the
fusion zone and heat-affected zone (HAZ). The cracking was evaluated using the conventional
criteria of crack length.

Longitudinal and transverse Varestraint test results for 10 stainless steels including 316L,
316LN, and three heats of D9 were analysed. The results indicated that brittleness temperature
range (BTR) derived from the transverse Varestraint test was a better index of weldability than
total crack length derived from the longitudinal test. However, a maximum crack distance



(MCD) parameter has been found to correlate well with the BTR derived from the transverse
Varestraint test. A new relation has been proposed between total crack length and BTR using the
area density of cracking. The effects of titanium on cracking in D9 were investigated by testing
three heats with titanium levels of 0.21, 0.32 and 0.42% Ti. The results showed that in the
fusion zone, BTR increased from 324 to 334 K as the Ti content increased. EPMA analysis of
hot cracks revealed segregation of Ti, C, N and S to crack-faces and to segregate phases present
in the interdendritic regions. Electrochemical extraction revealed that the phases present were
TiC, TiC0.3N0.75 and carbosulphides T12CS and T14C2S2, which presumably form eutectics with
austenite and promote cracking.

The effects of nitrogen in two alloys 316L and 316LN was investigated by conducting
hot cracking tests with nitrogen addition through the shielding gas. Six nitrogen levels in the
range 0.036% to 0.187% were tested for 316L and three N levels between 0.073-0.189 % in
316LN. In the weld metal, nitrogen increased cracking in the higher-impurity content 316L
(0.047% P+S) while there was no significant effect on cracking in the 316LN (0.032% P+S). The
dependence of the effect of nitrogen on the levels of impurity elements present was further
established by tests in which nickel addition was used to produce an austenitic microstructure.
Nitrogen addition produced significant coarsening of the primary dendrite arm spacing (DAS)
with a relation of the form DAS=A(C) 5 where C is the concentration of nitrogen and A is a
constant including thermal variables. While the exact mechanism by which nitrogen acts to
produce these effects is unknown, it is believed that nitrogen increases cracking by influencing
segregation of the impurity elements P and S. Cracking in the HAZ increased with nitrogen
addition for both 316L and 316LN, and a particularly greater effect was observed in 316L
beyond 0.11%N.

4.6.9 Suitability of Colmonoy as Hardfacing Materials for NSSS Components ofPFBR

For evaluating the suitability of using Colmonoy in components operating above 673K,
the effect of long-term ageing on ultrasonic tested and passed Colmonoy-5 deposits on 316LN
SS was studied by subjecting them to accelerated ageing at three different temperatures, viz. 823,
873 and 923K, for different duration, viz. 0 (as-deposited), 200, 500 1000, 2000 and 5000h, at
each temperature. The time-temperature correlation for the hardness values (measured at room
temperature) of all the aged samples were obtained using the Larsen-Miller parametric approach,
given by LMP =T(C+ logio t), where LMP is the Larsen-Miller Parameter, T is temperature in
Kelvin, t is time in hours, and C is a constant. The constant C was determined as 14.4 for
Colmonoy-5 by least square fitting with the R2 of the fit being about 0.97. Using C = 14.4, the
room-temperature hardness of Colmonoy-5 after exposure (ageing) at 823 K for 2 years (for CSR
& DSR), for 3, 5, 10, 15, 20 and 25 years, and for 30 years (for IHX, FFIM, CSRDM and
DSRDM) was predicted. Further, to predict the hot hardness of Colmonoy-5 on prolonged
exposure at different operating temperatures (673 and 823 K) of PFBR components, the average
hot hardness values of Deloro-60 (equivalent to Colmonoy-6) were used and compared with the
hot hardness values of un-aged Stellite-6. The temperature dependence of hardness of these
hardface deposits was determined by an Arrhenius-type plot of /^(hardness at room temperature/
hardness at temperature) vs. \IT (K"1), which clearly showed that there is a distinct (softening)
transition in Colmonoy at about 700 K while the (softening) transition in Stellite occurs at about
922 K. Using the relationships for the two hardfacing alloys over the specific temperature ranges,



the hardness of Colmonoy at 673 and 823 K was predicted for prolonged exposure at 823 K, and
compared with the hardness values of the as-deposited Stellite at 673 and 823 K as reference. It
was observed that although there is expected to be about 30% reduction in the hardness of
Colmonoy after 30 years of exposure at 823 K, the hardness of Colmonoy is expected to remain
sufficiently higher than the hardness of as-deposited Stellite. Hence, the Colmonoy deposits are
expected to retain adequate hardness (about HV 525 at room temperature and about HV 450 at
823 K) after 30 years of exposure (ageing) at 823K. The microhardness profile across the
316 SS/Colmonoy-5 deposit interface in the as-deposited (un-aged) condition and after ageing
for 5000 h at 823, 873 and 923 K also do not show any adverse indications. Based on additional
information available with respect to variation in hardness of the Colmnoy-5 deposit on
prolonged elevated-temperature ageing, it is recommended replacing the Co-based Stellite by Ni-
base Colmonoy for components operating at both 673 and 823 K.

4.6.10 Physical Metallurgy Studies on Modified 9Cr-lMo Steel

The microstructural heterogeneity in the weldment of a TIG welded modified 9Cr-lMo
steel has been studied. The thermal cycles each microscopic region undergoes depends on its
distance from the source of heat. The microstructural variations which arise as a consequence of
the different types of phase transformations, experienced by various zones have been established
by detailed transmission electron microscopy.

The weld zone consisted of a uniform martensitic microstructure, the HAZ showed a
range of microstructures from a fully martensitic to a duplex structure. The base metal showed a
tempered martensitic structure with M23C6 carbides. The microstructural regions could be
identified with completely re-austenitised, partly re-austenetised or treated in the intercritical
region.

The gradual changes in microhardness which were observed from the weld to the base
metal, were correlated to the observed microstructural changes. Based on these studies, distinct
microstructural zones have been identified and possible thermal cycles deduced.

In order to study the mechanisms and kinetics of the tempering process, the weldments
were post weld heat treated in the temperature range of 923 to 1023 K for durations ranging from
30 minutes to 20 hours. Based on detailed transmission electron microscopy on thin foils and
carbon extraction replicas the mechanism of tempering was established. The kinetics of the
process was studied by following the variations in the microhardness levels of the weldment at
different temperatures.

The microstructural changes that take place like coarsening of laths, formation of
subgrains and cells, polygonisation of lath structure and precipitation have been studied. At
lower temperatures, the precipitation of carbides was responsible for the observed softening,
while at higher temperatures, recovery and recrystallisation of the lath structure proceeds to
considerable extent along with precipitation. Tempering mechanisms have been proposed based
on the microstructural changes in the different temperature regimes for this steel.



The kinetics of the process has been studied using the temperature dependence of the rate
of softening. The apparent activation energy (Q~ 0.6 eV) calculated by an Arrhenius analysis of
the recovery rate showed that the rate controlling step in the tempering process is the interstitial
diffusion of carbon in ferrite.

4.6.11 Prediction of Activities of the Constituent Metals in Ferritic Steels

The Kohler-type sub-regular solution model developed here earlier for austenitic (FCC)
steels was extended to ferritic (BCC) steels, to facilitate computation of thermodynamic
activities of up to 15 components namely Fe, Cr, Ni, Mo, Si, C, Ti, Nb, Ta, Al, Co, W, V, Cu and
Zn. For this purpose, the Kohler-type parameters (which are composition as well as temperature
dependent) corresponding to nearly 100 different binary (BCC) alloys with an almost even
number of Gibbs energy terms were evaluated from the literature. In addition, an approximate
model suggested by Hilert-Jarl was made use of to incorporate magnetic contributions to the
ferritic steels below their Curie temperatures. The model was tested for a break in the activity-
temperature plot for Cr in 9Cr-lMo steel at 986 K, approximately below which temperature, the
experimental Cr activity measurements by employing metastable EMF technique (developed in
this lab) also could not be recorded.

However, the values of 0.66, 0.48, 0.11 and 0.11 for the activities of Fe, Cr, Mo and Mn
respectively could be calculated from this model for a 9Cr-lMo ferritic steel at 1000 K (which is
just above the Curie temperature) and the predicted Cr activity (0.48 at 1000 K) is in moderate
agreement with 0.40 actually measured using metastable EMF method.

4.6.12 Prediction of Cladding Attack by Te

A thermodynamic modeling of Cs-Te system in the context of Te-attack of the cladding
in FBRs was carried out by treating the single liquid phase of Cs-Te as a Kohler-type sub-
regular-solution. The excess Gibbs energy of this phase is determined to be XcS x Xje x [(-289 -
0.00144 x T) x XTe + (-972 + 0.482713 x T) x XCs] kJ/mol in the temperature range 900-1100 K,
where X represents the mole fraction. The interaction parameters so deduced facilitated
computation of Te potential in the liquid Cs-Te region surrounding Cs2Te. This Te potential is
found to be more negative than those required for the Te-attack of the cladding and hence no
tellurides of Cr, Fe or Ni would be formed.

4.6.13 Ru Vapourisation from CaRuOs

To assess the retention capability of calcia, a trap for the hazardous RuCU released during
reactor accidents, the vapour pressure (VP) of RuO2(s) and CaRuCVCaO were measured (with
oxygen as carrier gas) over the ranges 936 to 1200 K and 1209 to 1405 K respectively by a novel
adaptation of a horizontal TG system as a transpiration apparatus. These VP data could be fitted
into the expressions 6.143-6688/T (K) and 5.260-7419/T (K) respectively for log (p/Pa) of
RuO4(g). The enthalpies of reactive vapourisation of RuO2(s) and [RUO2] in CaRuOj/CaO as
RuC»4 species were determined to be 128 and 142 kJ/mol the difference between which data was
found to be identical with the standard enthalpy of reaction between RuC«2 and CaO determined
earlier by EMF method in this lab. As this study confirmed the reliability of the VP data derived



from EMF measurements made earlier, a computation of VP from the EMF data on Cs, Sr and
La ruthenates was carried out to show SrO to be a better material to trap the volatile ruthenium
tetra-oxide.

4.6.14 Corrosion Behaviour of Reactor Materials

Potentiodynamic anodic polarisation studies on type 316LN SS, with different nitrogen
contents and different degrees of cold work, revealed that cold working up to 20% enhanced
pitting corrosion resistance (PCR) in neutral chloride sodium, followed by a decrease thereafter.
Increasing nitrogen content led to increased PCR up to 20% cold work; beyond 20% cold work,
increasing nitrogen content had an adverse effect on PCR.

Exposure of U-bent types 304LN and 316LN stainless steels and alloy D-9, in solution
annealed, sensitised, 20% cold worked and 20% cold worked + sensitised condition, to NaOH of
40 to 60% concentration at temperatures of 423 to 623 K, showed resistance of these materials to
caustic stress corrosion cracking (SCC). This indicated the feasibility of water-cleaning of
sodium-exposed components for periods up to 72 hours; and alloy D-9 fuel pins up to 12 hours.

Type 316 SS specimens, cold worked up to 25% and sensitised at 898 K for different
time periods, were melted on the surface using cw CO2 multi-beam laser under the following
conditions (i) 250 watts with dwell time of 20 seconds and (ii) 5 kW at a transverse speed of 20
mm/s. ASTM standards A262 Practice A & E, G108 and optical metallography were used to
characterise the specimens before and after melting. Results indicated immunity to inter-granular
corrosion for laser melted stainless steel due to desensitisation because of complete dissolution
of M23C6 and suppression of re-precipitation due to rapid quenching through the sensitisation
temperature range. Under identical melting conditions, the degree of desensitisation decreased
with increasing cold work. Hence, homogenisation of the microstructure of stainless steels with
higher degrees of cold work would require higher power levels and extended interaction times.

The influence of sensitization (898 K, lOOh) and air oxidation (1223 K, 5 min) of SS on
bacterial adhesion was studied using 304 SS specimens. The bacterial density on sensitised
coupons was highest followed by as-received and oxidised coupons. The sensitized and as-
received coupons showed cells embedded in exopolymeric substances and their attachment was
in a network like pattern. The pattern was continuous with bigger patches on sensitized coupons
and discontinuous on as-received coupons. Heavy mortality of attached cells was found on
oxidized coupons.

In the pilot plant for reprocessing FBTR mixed carbide fuel, an electrolytic dissolver for
highly corrosive and radioactive application was manufactured using titanium grade 2 material.
During qualification of the fabricated components the material was found to show high corrosion
rates of 20-32 mpy in Huey test (ASTM A262 practice C) for titanium welds. This was attributed
to high iron content and poor metallurgical quality of titanium. In order to improve the corrosion
resistance of the electrolytic dissolver, a suitable surface modification technique for the removal
of surface iron contamination and for production of stable oxide coating was developed. This
surface modification decreased the corrosion rate of titanium from 20 mpy to about 2-7 mpy in
the Huey Test after 240 h.
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EIS investigations were carried out on titanium surface modified by the above process
and other anodised titanium specimens in 1 M HNO3 at room temperature for duration up to 175
h. The coating modified by the new process showed higher polarisation resistance (1.5 x 107

ohms) in comparison with coating produced by anodization treatment in HNO3, 10% ammonium
persulphate, 10% H2SO4 and 10% ammonium sulphate. This indicated the higher corrosion
resistance of the new coating in nitric acid medium.

MOCTA, MOCTA with Pt and Pt + Ir coatings were immersed in 1 M HNO3 at room
temperature for durations up to 175 h, and EIS spectra were recorded. It was found that the
polarisation resistance of MOCTA (with RuO2 + TiO2 coating) decreased from 133.5 to 5.33 x
10"4 ohms, while it was stable around 9.6 x 104 ohms for Pt layered MOCTAG and around 1.75 x
105 ohms for Pt + Ir layered MOCTAG, after 175 h. The capacitance increased for conventional
MOCTA coating from 0.0534 to 0.0663 farads, while for Pt-layered MOCTAG it was stable
around 3.4 x 10"4 farads. These results indicated that the MOCTAG layers possessed improved
corrosion resistance and stability against ingress of nitric acid into the layers.

4.7 Irradiation, PIE and NDE

4.7.1 Accelerated Irradiation Tests on Zircalloy Pressurized Capsules

An irradiation experiment programme is underway to determine the in-reactor creep rates
of Indian made zirconium alloys used in PHWRs. FBTR is useful to conduct accelerated
irradiation tests on zirconium alloy specimens, due to high flux and hard neutron spectrum.
Literature survey indicates that steady state creep rate is established in alloys of zirconium at a
fiuence level of about 0.1 x 1021 n/cm2 (E >1 MeV). 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 590 K, which is the temperature of pressure tubes during operation of
PHWRs. To meet this requirement, FBTR was operated at 8 MWt with inlet temperature of
sodium maintained at 580 K. Zirconium alloy Pressurized Capsules (ZPC) under bi-axial stress,
simulating the PHWR stress levels were irradiated in FBTR to various fiuence levels in the range
0.4 x 10 to 2.0 x 1021 n/cm2. (E > 1 MeV) over a period of 34 to 82 days. The pressurized
capsules were made from miniature size pressure tubes, which are geometrically similar to actual
pressure tubes of Indian PHWRs. These were filled with argon at 4.8 to 6.6 MPa pressure to
subject them to stress conditions, which were similar to those prevailing in the pressure tubes of
PHWRs. After irradiation, six carrier sub-assemblies, each containing one stainless steel
Irradiation Experiment Capsule (IEC), were taken into hot cells for post irradiation examination
to assess the extent of creep.

Each IEC contains five ZPCs anchored to it by means of a 4-mm diameter pin. To
retrieve the ZPC, the IEC was cut, using a diamond-wheel-cutting machine at six locations to get
five segments, each containing one ZPC. Milling on the segment was carried out by a remotely
operated in-cell CNC milling machine. After the weld joint was machined by remote milling
operation, the anchoring pin joining the ZPC to the segment was ready for ejection. This work
was carried out in a specially designed fixture, which could orient the ZPCs precisely against a
pushing jack so that the axes of the anchoring pin and the pushing jack coincided within



+0.5mm. This fixture also facilitated safe retrieval of one foil holder from each ZPC, containing
foils meant for activation analysis. The ZPCs were subjected to ultrasonic cleaning in ethanol
and dimensional measurements made for assessing the creep strain.

4.7.2 Evaluation of Tube to Tube Sheet Welds

In continuation of earlier work, 20 trial tube to tube sheet welds of reheater were received
from industry and microfocal radiography was carried out using single wall single image
technique. Of the 20 tubes, two were rejected due to clustered pores. External/internal concavity
was noticed in about 7 tubes and mismatch of the order of 200 microns and 300 microns were
present in three tubes. A sensitivity of 1.6% was achieved.

Eleven tube to tube welds also received were submitted to microfocal radiography using
double wall double image technique. Of the eleven tubes, eight tubes were rejected due to linear
indications (5 tubes) and clustered pores (3 tubes). A 50 micron wire could be detected.

4.7.3 Eddy Current Inspection ofPFBR Steam Generator Tubes

Modified 9Cr-lMo steel tubes for SG of PFBR are being manufactured indigenously. As
part of the quality control procedure, ultrasonic and eddy current testing are to be carried out on
all the tubes. In view of the ferromagnetic nature of the above mentioned steel, the DC saturation
method of eddy current testing was established which included, design and development of the
DC saturation coil and eddy current coil and standardization of inspection procedures. Inspection
of 54 tubes was carried out successfully by this procedure.

4.7.4 Ultrasonic Test Procedure Development for Evaluation of SS/Cu Brazed Joint of DC
Conducting Pump for PFBR.

To qualify the fabrication procedure to achieve defect free brazed SS/Cu joints used in
DC conducting pumps for PFBR, nondestructive testing was conducted on samples. Ultrasonic
NDT method was developed and standardized to ascertain the quality of the bonded region.
Whenever any lack of bond indications were observed during ultrasonic testing they were
quantified by way of size and extension. Complementary radiography testing was also done on a
few samples with lack of bond, to confirm the observations. These NDT trials helped in finally
arriving at a fabrication procedure to get defect free SS/Cu brazed joints.

4.7.5 Insitu Metallography of Secondary Sodium System Carbon Meter.

A carbon meter was installed across FBTR steam generator to measure carbon activity in
secondary sodium loop. Sodium at the cell portion (carbon meter) has to be maintained at a
constant temperature of around 873 K to measure carbon content. The tee joint connecting
carbon meter housing (made of AISI type 304 SS) to the circuit was found darkened after a few
days of operation. In order to find out any degradation in the microstructure, insitu-
metallographic examination of the carbon meter housing was carried out at two locations, one at
the blackened region and the other at the nearby region in order to assess the microstructural
condition of the material. After insitu polishing using portable grinder/polisher, special holder



was made to electrolytically etch the polished surface. The etchant used was 10% oxalic acid.
Since the polished region was inaccessible for direct optical microscopy, the microstructure was
taken onto a replica using cellulose acetate film for further analysis. The examination was carried
out as per ASTM standard A262- 93-Practice-A. The microstructure obtained at both these
regions are of "step-structure" in nature indicating that the material is not sensitized, even in the
blackened region.

4.8 Chemistry

4.8.1 Solution Chemistry

A comprehensive program was initiated to study the thermodynamics of actinide
extraction by amides. The enthalpy of extraction of uranyl nitrate by di-n-butyl octanamide was
measured directly using solution calorimetry. The enthalpy of hydration of di-n-butyl octanamide
and the integral enthalpies of mixing of di-n-butyl octanamide and n-heptane were also
measured. The heats of combustion of a number of amides were measured for the first time. The
uranyl nitrate - dibutyl octanamide complex was isolated and characterised and the enthalpy of
fusion, the entropy of fusion, heat of combustion and the melting point were measured.

The kinetics of extraction of uranium from nitric acid medium by a macroporous
bifunctional phosphinic acid resin was studied under particle diffusion controlled conditions.
Diffusion coefficient and the activation energy for the extraction were determined.

4.8.2 Thermochemistry

The program of studies on preparation and thermochemistry of urania-thoria solid
solutions was continued. A new method based on microwave combustion synthesis was
developed to prepare urania-thoria feed powder that could be cold compacted and sintered to
high densities (>95% theoretical density) at relatively low temperatures of around 1570 K. The
fabrication of high density UO2 pellets using microwave heating was demonstrated. This method
was found to be simple and rapid compared to the conventional fabrication procedures. The
stability of fine-grained (U,Th)O2 compounds, prepared by the microwave synthesis, towards
oxidation in air was determined by studying the kinetics of oxidation by thermogravimetry.

The enthalpy increments of (Uo.iTho.9)C>2, (Uo.sTho.5)02 and (Uo.9Tho.i)02 were measured
over the temperature range 473 to 973 K. Other thermodynamic parameters such as heat
capacity, entropy and free energy functions were derived from the measured enthalpy
increments. The thermal expansion of (U,Th)O2 of varying compositions was measured
employing high temperature X-ray diffraction technique. The binding energies of cations in the
solid solutions were experimentally determined by X-ray photoelectron spectroscopy.

The "spot-technique" for measuring the solidus/liquidus temperatures was extended to
temperatures below 1070 K, by a novel, "external — illumination" procedure, which has made it
possible to measure the solidus/liquidus temperatures of low melting metals and alloys. Ilie
technique has been demonstrated by measuring the melting point of Sn, Ag and Al.



Thermodynamic studies on actinide-gallium alloys were continued. The enthalpies of
formation of the intermetallic compound, ThGa2 was determined by using high temperature
solution calorimetry and precipitation calorimetry. The Gibbs free energies of formation of the
intermetallic compounds, UGa2, U2Ga3 and ThGa2 were determined by using molten salt
galvanic cell measurements in the temperature range 640-988 K.

4.8.3 Pyrochemical Reprocessing

Studies on the head end steps for the pyroelectrochemical reprocessing of oxide fuels
were initiated. Studies were carried out on the direct chlorination of UO2 and U3O8 powders
with and without the presence of carbon. It was found that in the presence of carbon the rates of
chlorination were much higher compared to the those in the absence of carbon. Chlorination
was also carried out on UO2 dispersed in LiCl-KCl eutectic salt which was found to be
proceeding at a much higher rate compared to direct chlorination in the absence of carbon.

4.8.4 Post-irradiation Studies:

Four pellets of irradiated FBTR fuel, discharged at a burn-up of 25000 MWd/t were
dissolved in nitric acid in the hot cells employing both direct dissolution technique as well as
electrooxidative dissolution technique. A flowsheet was developed for the separation of U,Pu,
minor actinides and 137Cs from spent fuel solution. The separation of 137Cs using ammonium
molybdate impregnated in XAD-4 resin was demonstrated in hot cells. This procedure yielded a
product solution with significantly reduced gamma dose which made it possible to carry out the
subsequent separation procedures in fume-hood.

4.8.5 Molten Salt Based Electrochemical Hydrogen Meter

Two electrochemical hydrogen meters based on a new molten salt electrolyte comprising
LiCl-CaC^-CaHCl for monitoring hydrogen in sodium coolant have been installed in the
secondary circuits of FBTR. The response of these meters (as well as that of standard hydrogen
monitoring system based on diffusion) to hydrogen injection into the sodium circuit were
periodically measured. The emf change of one such electrochemical meter for hydrogen
injections (40 ppb for each injection) is compared with the mass spectrometer signals of the
diffusion based hydrogen monitoring system in Fig.28. The performance of this meter in FBTR
over a period of 300 days is shown in Fig.29. The results show that the molten salt based
electrochemical hydrogen meter responds in tandem with the standard hydrogen leak detection
system in FBTR.
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4.8.6 High Temperature Mass Spectrometric Investigations on Mn-Te-O System

No previous vaporization study exists in the Mn-Te-0 system. Two series of mass
spectrometric experiments were conducted: 1) on different aliquots of Mn-Te-O samples, as
prepared; and 2) by adding known amounts of MnO or Mn3O4 or Mn to known amounts
of aliquots of different samples. All were isothermal vaporization experiments, conducted for
different durations at 950 K. The ions TeO2

+, TeO+, Te2
+, Te+, and O2

+ were monitored all
along. The vaporization residues were all characterized by X-ray diffraction.

Some equilibration experiments were separately carried out at 950 K under static (in
evacuated and sealed quartz tubes) and dynamic (flowing argon) conditions with samples
consisting of mixtures of 1) MnO + TeO2; 2) Mn + MnO + TeO2; and 3) MnCO3 + TeO2. On
the basis of X-ray diffraction analysis of the products, four three-phase regions were identified
amongst Mn2Te3Og, MnTeO3, MngTesOie , Mn3TeO6, MnO, and Mn3O4 . Mass spectrometric
experiments were conducted on the pertinent three-phase mixtures to deduce finally
thermodynamic data for the ternary phases.

4.8.7 Thermal Conductivity Studies on Uranium-Rare Earth Oxides

As a part of the programme to study the heat transport properties of actinide-rare earth
mixed oxides, thermal conductivity of the mixed (U,R)oxides (R=La,Ce,Dy) was investigated
employing the laser flash technique and covering a temperature range from 600 to 1400 K and
compositional range from 0 to 15 mol% of the corresponding rare earth oxide. It was noticed hat
the thermal conductivity of the mixed oxide decreases with increase in rare earth content or
increase in temperature.

4.9 Fast Reactor Fuel Reprocessing

The pilot plant for reprocessing FBTR carbide fuel is nearing completion. The titanium
electrolytic dissolver and feed clarification have been erected. Centrifugal extractors are being
assembled. Control panel and instrumentation systems are being commissioned.

Distillation setup for generating vapour - liquid equilibrium (VLE) data was made and
data for 30% TBP/n-dodecane was obtained at 10 mm Hg and work is in progress for the VLE
data at lmm Hg. This data will be used to design the distillation column for the proposed
solvent recovery pilot plant. Experiments on fluid diodes in pump mode of operation were
continued. A new facility for engineering R&D related to reprocessing is nearing completion
where large sized pulsed columns, centrifugal extractors and other fluidic devices will be tested.
An accurate method has been developed for the determination of carbon in UC powders/pellets
as well in solutions of uranyl itrate obtained by dissolving the uranium carbide in nitric acid.
The methodology involves quantitative conversion of carbon present in the sample to CO2 which
is subsequently absorbed in a dilute solution of barium hydroxide. The conductivity shift of the
barium hydroxide is monitored online continuously using a PC based conductivity measurement
system.



New models for predicting tritium distribution coefficients in 30 vol.% TBP/n-
dodecane/UO2(NO3)2/nitric acid system at 298 K, and for predicting the distribution coefficients
of nitrous acid in 15-30% TBP/n-dodecane/nitric acid system were developed. Improved models
of Np(VI) and Np(IV) distribution coefficients and their temperature dependency in 30% TBP/n-
dodecane/nitric acid/water biphasic Purex system were also developed. A simple equation for
the densities of pure liquids was proposed and during benchmarking, performed even better than
the industry standard AlChE-DIPPR equation. A prototype code (PUThEX - Program for
simulation of Uranium separation from Thorium by Extraction) for simulation of interim 23
process, used for separation of U-233 from irradiated thorium, was developed. The agreement
between experimental and computer simulated stage-profiles was good.
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