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1.0 GENERAL

India’s Gross National Product, growth rate during 1987-88 

has been about 1.8%, while the industrial growth rate was 

about 10%. The low GNP growth rate compared to the earlier 

years is due to severe drought the country had to face due 

to failure of monsoon. On the energy front, table below 

gives information for the last two years.

86-87 87-88

1. Production of coal in million tonnes 165.8 179.8

2. Production of oil in million tonnes 30.5 30.8

3. Production of natural gas in billion 9.85 12.2

4. Production of electricity

4.1 Generation in billion KWh

Hydel ..................... 53.8 47.4

Coal ............................ 128.8 149.3

Nuclear ........................ 5.0 5.0

Total ...........................  187.6 201.7

4.2 Total Installed capacity in MWe

Hydel ........................ 15,962 16,829

Coal ........................ 31,394 35,263

Nuclear ........................ 1,230 1,230

Total ............................ 48,586 53,322

4.3 Capacity added during the year 

in MWe

Hydel ..............................  702 1,064

Coal ..............................  1,920 3,910

Nuclear ..............................

Total 2,622 4,974

86-87 87-88

The import of oil during 87-88 was 18.6 million tonnes and 

caused a heavy burden on foreign exchange. The hydel power 

generation was low due to failure of rains. However, this 

has been partly made up by improved capacity factors of 

the coal based thermal power plants. The average plant 

load factor (PLF) in the country improved markedly to 

56.4%. Some of the coal based thermal plants achieved PLFs 

over 75%. Four 500 MWe coal based thermal power stations 

have been commissioned during 87-88. About 1200 Km out of 

1750 Km, of underground gas pipeline, Hazira-Bijapur- 

Jagadispur, has been commissioned for transporting gas for 

fertiliser and power plants. Encouraging results are being 

achieved for oil exploration in Cauvery, Krishna and 

Godavari basins.

Indigenously designed and built research reactor DHRUVA at 

BARC, Trombay attained its rated power of 100 MWt in 

November, 1987. The important landmark for the growth of 

nuclear power in India is the formation of Nuclear Power 

Corporation of India Limited (NPC) during the year to 

undertake the ambitious programme of generating 10,000 MWe 

by the year 2000 A.D. Finance for the program will be made



available through the resources generated internally by 

sale of electricity, plan allocations by government and 

open market borrowings. With the exception of TAPS-1 and 

RAPS-1, the performance of the nuclear units has been 

satisfactory. RAPS-1 has been rehabilitated by sealing of 

the end shield crack and synchronized with the grid in 

May, 1987. It is presently operating at 45-50% full power. 

RAPS-2 made a record of 162 days continuous operation 

during 1986-87. A long shutdown was required for TAPS-1 

for refuelling and other major maintenance jobs. TAPS-2 

gave its best performance by achieving a capacity factor 

of 91%. It operated uninterrupted for 204 days - a record 

achievement during its 18 year operation. The capacity 

factors for RAPS-2, MAPS-1 & MAPS-2 for 1987 were 69, 60

and 59% respectively.

Commissioning of the fourth nuclear power station at 

Narora is in progress and the first unit is expected to go 

critical in October, 1988. Construction work of fifth 

power station at Kakrapar is progressing on schedule. 

Construction of four more 235 MWe PHWRs has been started 

during the year. Financial sanction for 6 more 235 MWe is 

awaited. Detailed project reports have been submitted to 

the government for the construction of four 500 MWe PHWRs 

at two sites. However, advance actions have been taken for 

procuring materials and manufacture of key components like 

calendria, end shields, pumps and steam generators. The 

capital cost of a 500 MWe PHWR is estimated at 6.4 billion 

Rupees at 1985 prices.

Discussions with Soviet Union are in an advanced stage, 

for construction of 2 x 1000 MWe PWRs in the southern part 

of the country. During the 8th Five Year Plan (1991-96), 

it is proposed to instal 35,000 MWe of capacity which 

includes 700 MWe nuclear, 9,400 MWe hydel and 24,900 MWe 

coal based thermal. Possibility of installing 3,000 MWe 

gas based thermal plants is being explored.

A non-government Indian Nuclear Society has been formed 

for the promotion of Nuclear Science and Technology in the 

country. The present membership is about 1000.

2.0 RESOURCES FOR FAST REACTOR DEVELOPMENT

The expenditure at IGCAR for the year 1987-88 is 264 

million Rupees and budget provision for the financial year 

for 1988-89 is 438 million Rupees. The total scientific, 

technical and auxiliary staff is about 2100, scientific 

manpower being about 600. Government has sanctioned an 

addition of 200 personnel for the design and engineering 

development of PFBR during 1988,89 and 90.

3.0 FAST BREEDER TEST REACTOR

The Fast Breeder Test Reactor (FBTR) was made critical in 

October, 1985 and was shutdown in February, 86 after 

carrying out low power physics experiments, for the 

connection of steam generators and balance construction 

work. The reactor was restarted in April, 87 to continue 

the physics experiments. Calibration of the control rods, 

measurements of neutron and gamma flux in the cells



surrounding the reactor and measurement of radioactivity 

of the primary sodium were made upto a power level of 

50 KWt.

In May, 87, during a transfer operation of a fuel sub- 

assembly, from the core to the peripheral location to find 

out reactivity worth, problems were faced in lowering the 

subassembly in its position and releasing the subassembly 

from the transfer flask gripper. The transfer flask 

holding the 3tuck subassembly was provided with temporary 

lead shielding and the subassembly was removed from the 

reactor vessel. The radiation level on the surface of the 

subassembly was estimated to be 200 Rem/h. It was found 

that the subassembly was bent at the foot and head and 

therefore, it was sent for detailed examination to the hot 

cells. Removal of the guide tube from the reactor vessel 

was also difficult and hence a bend on the same was 

suspected. Efforts to remove the guide tube by cutting of 

the outer sheath could not yield results. In order to 

assess the damage to the core and guide tube, sodium from 

the reactor vessel was partially drained, slightly below 

the heads of subassembly. It was observed through 

periscope, that about 20 nickel and steel reflector 

subassembly heads appear to have been bent and the guide 

tube was also found to be bent. Various alternatives for 

straightening the guide tube were studied but it was found 

difficult, therefore it is decided to remove the guide 

tube by in-situ cutting at the level of bottom of the

rotating plugs where the bend has taken place. Several 

methods are being employed to assess the profile of the 

guide tube. Design and manufacture of special cutting 

tools wëre made at BARC, Trombay. Successful trial 

cuttings have been made outside the reactor. Removal of 

the guide tube is expected by end May, 88. A new guide 

tube and fuel handling gripper assembly has been 

manufactured. From the analysis carried out so far about 

the causes of the incident, it appears that the plugs were 

rotated without completely pulling the subassembly in the 

guide tube. Valuable experience has been gained in the 

inspection of reactor vessel internals with periscope, 

intervention on sodium systems, and design of remotised 

tools.

Parallel to the above activity, commissioning of the

steam- water circuit is progressing. The circuit was

flushed and then chemically cleaned. The pre-commissioning

checks on the pumps and control valves have been

completed. Commissioning of sodium-water reaction product

discharge circuit, chlorination system, condensate

polishing unit, CO fire extinguishing system, condenser 
2

cooling water system, sodium flooding system is being 

done. Bi-annual RCB leak test has been completed and the 

leak rate is found to be within the limit. The physical 

protection system for the access control and intrusion 

monitoring system has been commissioned and put into 

regular operation. Modifications were carried out in the



preheating emergency cooling circuit to reduce leakage of

nitrogen and on the nitrogen plant to improve its 

performance. One of the computers of the Central Data 

Processing System is being replaced.

Fuel burnup calculations for the present small core have 

been made and the different fuel loading schemes for the 

second core configuration have been evaluated. The 

contribution to static power coefficient from nickel and 

stainless steel reflector subassemblies has been 

estimated.

4.0 PROTOTYPE FAST BREEDER REACTOR

Design work on the 500 MWe pool type Prototype Fast 

Breeder Reactor (PFBR) is progressing well. Detailed 

project report for the financial sanction is planned to be 

submitted to the government at the beginning of the next 

year. Draft safety criteria prepared by a sub-committee on 

behalf of the Regulatory Board are being discussed and 

will be issued shortly. Safety classification of the 

various systems and components of NSSS had been made and 

the design and the manufacturing classes have been 

identified. Design basis events have been listed out and 

the probability of their occurrences have been estimated. 

Inherent safety aspects of oxide, carbide and metallic 

fuels were studied with respect to flow halving times of 

primary sodium pumps to limit the temperatures and reactor 

power, in case of loss of flow accident without safety 

action.

4.1 Design of NSSS

4.1.1 Reactor Physics and Shielding

The main activities on nuclear data have been the 

evaluation and validation of nuclear data for Th-232 and 

U-233 under IAEA Coordinated Research Project and the 

commissioning of nuclear data processing codes for gamma 

production and interaction reactions and for displacement 

damage cross section estimations. Multigroup cross 

sections for materials like Co-59, B-10, B-ll, N-14 and N- 

15 have been generated from the basic data libraries. The 

main data processing codes, REX-1 and REX-2 have been 

suitably tested and documented for sending them to the NEA 

data bank, Paris, as per their request.

A three dimensional diffusion theory code in hexagonal 

geometry TREDFR, has been developed and tested with a 

benchmark problem, to be used for the detailed neutronics 

calculations.

Fuel burnup calculations leading to equilibrium core 

composition have been made. The detailed power 

distribution in the various subassemblies of the core and 

blanket regions for fresh and equilibrium conditions have 

been calculated. Reactivity worth of various materials and 

reactivity coefficients such as Doppler coefficient at 

different temperatures and sodium void coefficient with 

different voiding fractions have been evaluated.

A'space-time kinetics code, SPATKIN has been developed and 

is being tested under various options. In the code for



Controlled Reactivity Transients (CRT) reactivity feedback 

from heating of the cold and hot pools of sodium is being 

incorporated. The static reactivity coefficients, such as 

inlet temprature, power, flow and temperature drop across 

the core, have been calculated. Work on the stability and 

inherent safety analysis with revised reactivity 

coefficients has been initiated.

The results of the analysis on the third stage of the 

IAEA-CRP on the signal processing techniques for sodium 

boiling detection in fast reactors were presented in the 

Research Coordination Meeting at Vienna in October, 1987. 

The internal neutronic shield optimisation studies for 

radial and axial configurations have been completed. The 

thickness of concrete shield required for the roof slab 

has been estimated and the neutron and gamma shielding 

requirements for handling the irradiated fuel sub- 

assemblies have been evaluated. Decay power in irradiated 

fuel, due to fission products and actinides has been 

calculated. The activiation by neutron irradiation of 

primary sodium, argon cover gas and other steel components 

has been estimated.

Reactor Assembly

Most of the conceptual design work on the reactor assembly 

has been completed. In order to reduce the cost of the 

NSSS, the weight of the reactor assembly components have 

been reduced by about 30% compared to the preliminary 

design. An important computer code THYC-2D has been

developed to calculate flow and temperature distributions 

in the sodium pool and was used to find the temperature 

distributions in the hot and cold plena. The flow below 

the core cover plate has also been calculated to decide 

the locations of the core thermocouples and the core cover 

plate. Preliminary calculations show that thermocouples 

can be located at about 100 mm from the heads of the 

subassemblies. Improving the code for 3D analysis and 

turbulent flow is being done. Development of a computer 

code for inelastic analysis has been completed and the 

same was used for the detailed analysis of the inner 

vessel and IHX. Based on the thermal-hydraulic and 

structural analysis it has been decided to adopt a single 

wall inner vessel. Development of a 3D core mechanics code 

has been completed to find out the dilation, elongation, 

deflection and interaction forces in the various 

subassemblies due to temperature gradients, irradiation, 

swelling and creep. India participated in the IAEA-CRP on 

intercomparison of LMFBR Core Mechanics Codes and solved 

all the 6 problems and attended the code validation 

meeting in Vienna in December, 87.

Thermal design of the top shield is being carried out to 

decide the cooling arrangement. Transient temperatures 

during station blackout and rotating plug temperature 

during fuel handling without cooling have been estimated. 

Experimental verification of the deflection and stresses 

has been completed on the l/10th scale roof slab model



made in perspex. Preliminary and seismic analysis of the 

reactor assembly has been carried out without considering 

the fluid-structure interaction. The stress levels and the 

displacement are within the acceptable limits for 0.1g SSE 

condition. The containment potential of the main vessel 

has been estimated under a core disruptive accident 

conditions releasing 200 MJ energy.

Sodium Circuits

Conceptual design of the safety grade decay heat removal 

system has been carried out. Decay heat removal by water 

cooling coils inside the reactor vault and direct decay 

heat removal by air from the reactor vault have been 

rejected due to insufficient capacity, lack of redundancy 

and other factors. It has been decided to use four Dip 

Heat Exchangers (DHX) in the hot pool. Preliminary 

analysis of separate DHX in the hot pool and combination 

of DHX with the IHX was analysed. Separate DHX is better 

from safety, component design and operational 

considerations. However, a combined IHX-DHX gives somewhat 

lower sodium temperatures. Considering the heat 

transferred to the top shield, main vessel fatigue and 

dimensional stability of the core support structures, it 

has been decided to limit the hot pool temperature to 

about the same as during normal operation i.e. 803 K. The 

total capacity of the safety grade decay heat removal will 

be 32 MW. Flow sheets and operation notes have been 

prepared for the sodium and auxiliary circuits. Piping

analysis is in progress. Structural design of the primary 

sodium pump is continued. Special variable speed drive 

systems for the primary and secondary sodium pumps are 

being finalised in consultation with the suppliers.

4.1.4 Component Handling

Conceptual design of the straight pull in-vessel transfer 

machine has been completed. Detailed design has been 

started. Conceputal design of the inclined fuel translift 

mechaism is being discussed mainly to reduce the size, 

cost and requirement of intervention. The layout of the 

various handling and storage facilities such as 

decontamination and storage pits, irradiated fuel storage, 

fresh fuel storage has been carried out.

4.1.5 Instrumentation & Control

Guidelines to be followed in the design of instrumentation 

and control system have been prepared. Conceptual designs 

for the failed fuel detection system, core cooling 

monitoring system and instrumentation for primary and 

secondary sodium circuits are being made.

4. 2 Design of BOP

Design of the Balance of Plant has made progress with the 

appointment of an engineering consultant. Layout of all 

major buildings has been finalised. Design criteria for 

structural analysis, including seismic design have been 

established. Structural design of various buildings is in 

progress. Standard 500 MWe turbo-generator set being used 

for the coal fired thermal power station is proposed for



PFBR. The steam cycle has been adopted to suit the 

requirements of once-through steam generator and steam 

conditions. Alternative schemes for the sea water intake 

(submarine tunnel and sea bed pipe system) and condenser 

are being investigated. Alternative switching schemes, 

switchyard equipment and layout, generator bus duct; main, 

unit and station transformers layouts, station normal and 

emergency power supply distribution system have been 

worked out.

Manufacturing Technology Development

Procurement of stainless steel plates, pipes, hollow bars 

and ferritic material for steam generators are being 

procured for technology development. Detailed discussion 

were held with potential manufacturers to find out the 

areas of technology development and preliminary assessment 

of time schedule and cost. Manufacture of 7 m long sodium 

pump shaft has been started. Development of stelliting on 

350 mm diameter hydrostatic bearing is in progress. 

Development of in-bore welding of tube to tube sheet 

joints for steam generator has made good progress.

ENGINEERING DEVELOPMENT FOR PFBR 

Pool Hydraulic Studies

A 1/24 scale perspex model has been constructed simulating 

the various components of primary circuit. The model has 

been installed in an existing water loop and preliminary 

measurements of local fluid velocities in the hot plenum 

have been carried out using a propeller anemometer. Local

velocity distribution around IHX windows, assessment of 

flow variation from IHX to IHX and effect of the position 

of core cover plate is being studied.

5.2 Hydraulics of IHX

A l/6th sector model of the IHX is being manufactured to 

conduct hydraulic experiments to study shell side pressure 

drops, flow distribution and cross flow induced tube 

bundle vibrations. In latter context a three tube 

assembly of the IHX tube bundle has been built with 

simulation of end supports as well as intermediate 

supports (antivibration belts). Natural frequency of the 

tube bundle is measured and found to be in good agreemeñt 

with theoretical predictions. Construction of 300 mm 

diameter pipe loop has been completed.

5 . 3 Surge Tank

Experiments have been performed using 1/30 scale 

transparent glass model of surge tank to study gas 

entrainment. Of the three configurations studied vis. side 

inlet/bottom outlet, bottom inlet/side outlet and side 

inlet/side outlet, the height of liquid column to suppress 

gas entrainment was found minimum for the last 

alternative.

5. 4 Thermal Insulation

An experimental set up was commissioned to measure 

effective thermal conductivity of a multiplate stainless 

steel insultion in argon. The thermal conductivity was 

found strongly dependent on the mean temperature of



insulation and the results were in agreement with 

theoretical predictions. As the conductivity is also 

strongly governed by the emissivity of material which in 

turn depends upon the surface texture, systematic 

measurements of emissivity of plates conditioned by 

different surface and thermal treatments have been 

undertaken.

Natural Convection in Cover Gas

Towards understanding the effectiveness of a horizontal 

gap as a barrier for prevention of natural convection and 

sodium deposition in vertival annuli, a small water model 

was run under different water temperature/gap size 

combinations. Gap heights equal to or smaller than half 

the maximum size of the condensed droplet were found to be 

very effective.

Sodium Pump

In continuation of the performance testing in water of the
3

indigenously built 50 m /h centrifugal sodium pump, its 

cavitation performance was studied and good agreement was 

found between the experimentally determined NPSH and 

predicted value. Detailed measurements were later 

performed to determine the cavitation inception point by 

acoustic noise monitoring. Among the different sensors 

used, the hydrophone was found most sensitive though the 

discharge pipe mounted accelerometer and dynamic pressure 

transducer also responded well. One interesting

observation was the fact that all sensors on the discharge 

pipe detected the cavitation inception whereas those on 

the suction pipe failed to do so. Also the pump top flange 

mounted accelerometer picked up the cavitation signal 

suggesting the possibility of detecting cavitation in an 

operating sodium pump with the help of remotely placed 

transducer. A technical dialogue has been completed with 

pump industries to carry out the hydraulic development 

with suitable models.

5.7 Large Component Test Rig

A project for constructing a sodium component test rig has 

been launched. The detail design of this rig for full 

scale reactor component testing has advanced well and the 

sodium storage tanks have been ordered.^ Another sodium 

loop has been built for studying corrosion and mass 

transfer in stainless steel/sodium systems, and is 

expected to be commissioned shortly.

5.8 Instrumentation

- An eddy current flow sensor underwent peformance tests

in the 500 KW sodium loop. The sensor was tested over a
3

flow range from 15 to 60 m /h and at temperatures 

varying from 473 to 773 K. The sensor output was linear 

with flow and temperature compensation electronics 

performed well.

- Long term tests upto 5000 h were carried out on 

permanent magnet materials at temperatures upto 803 К to



establish their temperature stability. The magnets have 

been found suitable for use in sodium immersible flow 

meters.

In persuance of the programme of sodium boiling 

detection by acoustic technique, piezoelectric sensors 

are being developed. Oxygen conditioning of the lithium 

niobate transducer carried out at a temperature of 803 К 

has shown good stability of the crystal material. In 

continuation of the IAEA sponsored research programme on 

signal processing techniques for sodium boiling 

detection, analysis of the data from KNS-I loop and BOR-

60 reactor experiments was carried out. This has led to 

identification of features sensitive to boiling and 

algorithms were evolved for the pattern recognition 

technique.

An experimental rig was commissioned to study detection 

of (simulated) steam generator leaks by acoustic 

technique. In the initial experiments conducted with 

pressurised argon leaking from a microsized hole, leak 

signals could be detected easily with the near and far 

mounted sensors.

Under water imaging experiments using ultrasound were 

carried out for development of an under sodium viewer. 

Imaging of a subassembly head was carried out and 

encouraging results obtained.

6.0 METALLURGY

6.1 Fuel Fabrication

6.1.1 Fabrication of fuel and its related R&D work is being

carried out at BARC, Bombay. For FBTR, an additional 20 kg

of hyperstoichiometric (Pu U )C pellets were
0.7 0.3

fabricated in batches of around 1 kg, via the powder

pellet route consisting of vacuum carbothermic reduction

of oxide-graphite mixture at 1723 К followed by crushing,

milling, cold-pelletisation (at 350 MPa) and sintering at

1923 К in Ar-8% H . A fabrication flow sheet has been 
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developed for uranium rich MC pellet via the conventional

powder pellet route. Unlike its plutonium rich

counterpart, uranium rich MC with relatively low (< 1000

ppm) oxygen and carbon could be reproducibly prepared

without any significant Pu volatilisation loss.

A process flow sheet has also been developed for

fabrication of Pu rich MN, the carbothermic reduction

being carried out in flowing N or N -8% H mixture. With
2 2 2

increased flow rate it was possible to produce MN clinkers

with less than 2000 ppm each of oxygen and carbon. The 

nitride powder could be cold-pelletised and sintered to 

85% T.D. reproducibly. Uranium rich MN pellets have also 

been prepared similarly.

A Sol Gel Microsphere Pelletisation (SGMP) process is 

being developed for preparation of mixed uranium-plutonium 

carbide and nitride. The SGMP process minimises the number 

of process steps, avoids handling of fine powders (thus



minimising radio-toxic dust hazard in general and 

pyrophoricity hazard associated with carbide in 

particular), ensures high degree of microhomogeneity and 

produces sintered pellets of uniformly distributed open 

pore (diameter 2-10 micron) structure suitable for fission 

gas release, and in turn for minimising fuel swelling. The 

pore size is ideal for accommodating fuel swelling, 

minimising reduction in thermal conductivity and for 

avoiding in-pile densification. Initial trials on UC and 

UN have been highly successful. The microspheres have been 

prepared from uranyl nitrate solution via the internal 

gelation process.

6.1.2 Chemical Compatibility

Out-of-pile fuel-clad chemical compatibility experiments

of Pu rich MC pellets containing relatively high oxygen

(10,000 ppm) and high (60 w/o) sequiscarbide (M С ) were
2 3

carried out at 973 К for 1000 h. Microstructural and 

hardness profile indicate a depth of clad carburisation 

less than 150 microns.

6.1.3 Thermophysical Properties

Thermal conductivity and hot hardness of uranium and 

plutonium rich MC and MN pellets have been determined upto 

2000 К and 1600 К respectively. The hot hardness values of 

MC and MN were found to be similar. The uranium plutonium 

atom ratio did not play any significant role. The thermal 

conductivity of uranium rich MC was found to be around 10%

higher than its plutonium rich counterpart and was in 

agreement with the values reported in literature. 

Similarly, the thermal conductivity of plutonium rich MN 

was found to be around- 10% lower than uranium rich MN. The 

thermal conductivity data on Pu rich MN were generated for 

the first time.

6.2 Materials Development

6.2.1 Effect of Thermal Ageing on Serrated Yielding 

Investigations on the effect of thermal ageing on the 

serrated yielding behaviour of AISI 316 stainless steel at 

923 К have enabled construction of a tlme-temprature 

serrations (TTS) diagram. This can give the time- 

temperature combination of ageing for which serrated 

yielding can be observed for a given test temperature and 

strain rate.

6.2.2 Creep Testing of Welds

Evaluation of the creep-rupture properties of all-weld 316 

SS specimens has been carried out at 923 К in the stress 

range of 96-195 MPa. The rupture lives were found to be as 

low as 20% and ductilities as low as 50% of the 

corresponding base material properties.

6.2.3 Mechanical Properties of 9Cr-lMo

Evaluation of tensile, creep and fatigue properties of 

thick section forged 9Cr-lMo steel in the quenched and 

tempered (Q&T) condition (1223 K/l h-WQ + tempered at 1023 

K/8 h) and in the simulated post weld heat treated (SPWHT



: 998 K/3 h with a heating and cooling rate of 50 K/h)

condition has made significant progress. Tensile

properties in the range 300-823 К are similar for

materials in both the conditions except that the strength

plateau and ductility minima due to serrated flow occur at

a slightly lower temperature for the SPWHT material. No

significant difference is observed in the creep rupture

properties of the steel in the Q&T and SPWHT conditions at

793 К (stress range 150-275 MPa) and 873 К (stress range

70-100 MPa). Low cycle fatigue (LCF) properties of the

SPWHT material have been investigated in the range 723-873
-3 -1

К and at a strain rate of 1 x 10 s . Both creep and LCF 

properties of the thick section material are inferior to 

those of thin section material.

6.2.4 SSC of as Welded and Aged 316L SS

Stress corrosion cracking (SCC) studies were conducted on 

as-welded and aged Type 316L stainless steel weld metal 

having a delta ferrite content of 6.5 to 8.5 FN. On ageing 

the weld metal at 873 K, the delta ferrite was found to 

transform to phases such as sigma, the extent of 

transformation ranging from 10% for 2 h to 90% for 2000 h 

of ageing. SCC studies using a slow strain rate technique 

indicated deleterious effect of ageing on the SCC property 

of the weld metal. However, the mode of SCC failure 

remained transgranular even after ageing.

6.2.5 Hardfacing

Studies on hardfacing alloys, Stellite-6 and Stellite-12,

were conducted for in-sodium wear resistant applications.

The microstructures of the hard facing deposits made by

GTAW and OAW processes were investigated as a function of

preheat temperature. The relative formation of the carbide

phases, M С and M С , was found to be sensitive to the
6 7 3

preheat temperature.

6.2.6 Plasma Nitriding

Detailed electron microscope studies were carried out to

characterise various nitride phases in 316 SS plasma

nitrided at 873 K. Both globular/irregular shaped Y’-Fe N
4

and lamellar aggregates of CrN were observed. The 

influence of “the nitriding temperature and ion current on 

the hardening response of a Type 316 SS and a microalloyed 

steel was also investigated in the temperature range 673- 

973 K. The nitriding temperature for peak hardness was 

found to be less for the microalloyed steel. Also, the 

microalloyed steel showed a diffuse interface between 

matrix and nitrided layer.

6.2.7 Thermodynamic Activities of Metallic Elements in SS

The metastable EMF technique developed iri the laboratory 

for the determination of thermodynamic activities of the 

metallic constituents of commercial grade Type 316 and 304 

stainless steels has yielded precise thermodynamic data on 

the formation of the complex M С carbide phase during



0Q the sensitization of these steels. Using the same

technique, thermodynamic activities on Mn, Cr, Mo and Fe

in the austenite phase of AISI 316 LN have been

determined. Thermodynamic characterisation of compounds in

Cr-Te system was also carried out using CaF /end technique
2

for understanding the possible fission-product clad 

interaction in the low oxygen potential environments of 

carbide or nitride fuel.

6.2.8 Thermodynamic Stability of MoTe
2

Thermodynamic stability of MoTe was studied by oxygen
2

potential measurements on MoTe , Te, MoO using solid
2 2

electrolyte galvanic cells over the range 660-1050 K. This

would help in the prediction of the formation of MoTe as
2

inter fission product interaction compounds in the carbide 

or nitride fuel.

6.2.9 Development of Anodes for Fuel Dissolution

Mixed oxide coated titanium anodes (МОСТА) having a

coating of RuO and TiO in varying compositions on Ti
2 2

base were tested as anodes in the electrochemical

dissolution of UC in highly concentrated nitric acid

solution containing a representative concentration of Ü

ions in reprocessing streams at various temperatures (room

temperature to boiling). Ti anodes having an overcoating

of PtO on the RuO /TiO coating were also tested and
2 2 2 

these anodes were found to perform better even at 388 K. A

sample of FBTR carbide fuel was successfully dissolved

2 3  6
using a specially fabricated PtO /RuO /TiO coated Ti

2 2 2
anode in boiling nitric acid solution containing cerium 

nitrate.

6.2.10 Development of In Core Materials

15Cr-15Ni-Ti austenitic stainless steel was prepared by

high vacuum induction melting technique. Carbon and

titanium contents were varied to produce four different 

Ti/С ratios at four С levels. Trials for manufacture of 

cladding tubes and Hexcans are being started at Nuclear 

Fuel Complex, Hyderabad.

6.2.11 In Sodium Test Facility

Detailed design of loops and test rigs and preparation of

the layout for the facility for mechanical testing in

flowing sodium have been completed.

6.3 Post Irradiation Examination

6.3.1 Inertising of Hot Cells

To carry out detailed metallurgical examination of

plutonium rich carbide fuel, it has necessitated filling
3

of hot cells with high purity nitrogen. A 4000 m /h

nitrogen gas recirculation and purification system
3

(purification rate 100 m /h) is in an advanced stage of 

completion. Seal designs are being improved. The system 

scheduled to be completed by December, 1988 is to be 

provided with a state of the art microprocessor controlled 

data logging facility that will monitor and help control 

the critical parameters of hot cell operations.



A quick -transfer port has been designed and built to 

transfer material from oprating area to the hot cells 

without ingress of air into the cells and at the same time 

containing the radioactivity within the hot cells. A frog 

man entry system with double seal facility has been 

devised. This will help maintain the condition of the 

nitrogen atmosphere inside the hot cells during the entry.

6.3.2 Radiography Facilities

Guide mechanism for the fuel pin carriage has been 

designed and fabricated. This will form part of the X- 

radiography system for the fuel pins being examined in the 

hot cells. Fabrication and test assembly of the neutron 

radiography guide tube and carriage system for neutron 

radiography of fuel subassemblies has been successfully 

completed. This guide tube assembly is nearly 7 m long and 

enables movement of the fuel subassembly smoothly from the 

hot cell and provides an alpha containment system for the 

fuel subassembly. A neutron radiographic film cassette 

loading and indexing mechanism has been designed. This 

mechanism will enable remote positioning of the films to 

carry out a series of radiography operations on the highly 

radioactive fuel subassembly.

A U-233 fuelled 100 KW reactor will be commissioned by the 

year end for neutron radiography and activation analysis.

6.3.3 Examination of a Fuel Sub-assembly

Two hot cells were temporarily commissioned under air

61 atmosphere to undertake the non-destructive PIE of a fuel

subassembly removed from FBTR core. The PIE consisted of 

the following: (i) visual examination, (ii) detailed

profilometry, and (iii) radiography. A special bench for 

profilometry was designed and fabricated with provision 

for remotely operated clamps and dial indicators. X- 

radiography of the fuel subassmbly (with a sensitivity 

level of 2-1 T) was carried out in the hot cell after 

providing necessary positioning fixtures and developing a 

suitable procedure for remote operation. Dosimetry was 

carried out in the hot cells to determine the 

radioactivity level of the fuel subassembly (50 Rem/h).

6.4 Non-Destructive Evaluation

6.4.1 Eddy Current Testing

Theoretical analysis using finite difference and finite 

element methods has been carried out to predict the eddy 

current output patterns with various test object and probe 

conditions. The impedance plane trajectories obtained 

during the presence of a baffle plate in a steam generator 

have been successfully modelled.

6.4.2 Ultrasonic Testing

Thrust has been given in the fields of signal analysis and 

applicability of ultrasonic testing (UT) of austenitic 

stainless steel weldments. A suitable pattern recognition 

technique is under development. The construction of an 

automatic scanner system for simultaneous manipulations of 

multiple number of ultrasonic probes for in service



62 inspection of piping systems of secondary sodium circuit 

of FBTR is nearing completion.

6.4.3 Radiography

Microfocal radiography is being used as a quality control 

technique for standardisation of welding parameters in the 

butt welding of tube to tube sheet joints of PFBR steam 

generator.

6.4.4 Acoustic Emission

Studies on the characteristics of acoustic emission(AE) 

during the plastic deformaton and fracture of stainless 

steel and Nimonic alloy PE-16 under various 

microstructural and deformation conditions were continued. 

AE technique was found to be a very important technique to 

monitor and understand the dynamic strain ageing taking 

place in stainless steel type 316. Type 310 stainless 

steel having a higher stacking fault energy than the type 

316, exhibited higher AE activity and clear indications of 

the onset of cross slip at 28% strain level. Amplification 

of weak AE signals during tensile deformation of AISI 316 

type stainless steel by a factor of upto 8 was achieved by 

injection of acoustic waves of suitable frequency and 

amplitude (upto 0.7 volts) into a specimen undergoing 

deformation. Studies on AE during the deformation of PE-16 

indicated that the interfacial energy betwen the matrix 

and secondary phases in this type of alloy would influence 

the AE signals generated by the fracture of the secondary

phases and their decohesion from the matrix taking place 

durig the deformation.

6.4.5 Quantitative Metallography

Effect of geometry of the feature, the relative position 

of the feature with respect to pixel array, and the size 

of the feature on the accuracy achieved in quantitative 

metallographic analysis was studied - both theoretically 

and experimentally. Analytical expression for the error 

was arrived at and simulated limits were calculated. 

Practical estimates were checked for the minimum feature 

size in terms of pixels to achieve the desired accuracy.

7.0 RADIOCHEMISTRY

7.1 Sodium Chemistry

A Radioactive Sodium Chemistry Loop (RSCL) has been built 

and commissioned with a view i) to examine the behaviour 

of the carbide fuel in sodium stream ii) to study the 

transport of the radioactive fission and corrosion 

products in sodium circuits iii) to develop Radio Nuclide 

Traps (RNT) and iv) to evaluate the long term behaviour of 

on-line monitors in sodium. The sodium hold-up is 150 Kg. 

The main loop has a figure-of-eight configuration with a 

sodium flow of 600 1/h and a sodium velocity of 5 m/s at 

the test sections. The auxiliary loop contains the on-line 

monitors, a cold trap, an over flow sodium sampler and a 

plugging indicator for sodium characterisation. The 

operation of the loop is controlled by a PC in interactive



communication with microcomputer modules. Unsafe 

conditions such as sodium leak in any part of the loop 

triggers the computer to suspend the loop operation and 

initiates sodium dumping.

Performance of the low temperature oxygen meters have been 

improved by giving suitable surface treatments to the 

calcia stabilised airconia electrolyte tubes. Equilibra

tion in liquid sodium in conjunction with the electro

chemical carbon meter was employed to measure the carbon

potential in metal carbide systems. Gr С /Сг С ,
23 6 7 3

Cr С /Сг С and W/WC systems were studied. Measurements
7 3 3 2

on the systems by the CH /Н technique also yielded
4 2

results in agreement with the electrochemical method. The

electrochemical H meter has been used to study the
2

reaction between sodium and rust, -FeOOH, in the

temperature range of 623 to 723 K. These results would be

of use in predicting the hydogen release rate into sodium

from mild steel storage tanks. Studies on Na-Fe-0 system

were undertaken in order to understand the basic processes

of corrosion in sodium - steel systems. From various

experiments involving in-sodium and pseudo-isopiestic

equilibrations and differential thermal analysis, the

temperature above which the ternary compound, Na FeO ,
4 3

appears as a stable phase in sodium was identified. The

oxygen potentials in Na - Fe - Na FeO phase field were
4 3

determined.

The Те potentials needed for the attack of AISI type 316 

stainless steel cladding were determined from the Gibbs 

energies of formation of metal-rich tellurides of Fe, Cr 

and Ni, measured by Knudsen-effusion mass spectrometry. 

Thermochemical data were obtained for all the relevant 

telluride phases likely to be formed by the interaction of 

fission product Te with these major components in steel. 

Conditions under which the Te potential can exceed the 

threshold value at the fuel-clad interface were examined 

for mixed oxide as well as mixed carbide fuel elements. 

Studies reveal that the stainless steel cladding would be 

attacked by Te only at a high oxygen potential in the case 

of oxide fuel. However, the possibility of attack is much 

less in the case of carbide fuel. The threshold Te

potential necessary for the attack, derived from the

measured data, is higher than what was thought previously

and thus, the concern for Te induced internal corrosion

has lessened.

As a part of the thermophysical property studies on high 

temperature nuclear materials, thermal diffusivity and 

thermal conductivity data were obtained on rare earth (Sm, 

Eu) sesquioxides and rare earth (Gd, Eu, La) pyrohafnates 

employing the laser flash technique.

Studies were carried out for the determination of limiting

organic concentration of Pu(IV) for third phase formation

in U(VI)/Pu(IV)/HNO -30% TBP system. These data are
3

7 . 2 Fuel Chemistry and Thermodynamics



required to finalise the flow sheet for FBTR fuel 

reprocessing. Experiments were carried out on the 

chemical and photochemical destruction of organic 

compounds that would be formed during the dissolution of 

carbide fuel in nitric acid. Quantitative destruction of 

the organic compounds was possible using both the methods. 

A possible approach has been worked out for rapid but 

accurate determination of burn-up of irradiated fuel by- 

high performance liquid chromatography (HPLC) using Sm as 

the internal standard for the estimation of the fission 

monitor element, Nd.

FUEL REPROCESSING

Work on process development covered areas of mixed carbide 

fuel dissolution, electrolytic partitioning of plutonium, 

verification of process flow sheet, containment of

radioactive iodine.

Dissolution & Partitioning

Mixed carbide unirradiated pins were dissolved in

progressively increasing scale. Direct dissolution with 

nitric acid was studied. Subsequently oxidation of

organlcs formed by electrolytic oxidation is being 

pursued. Regeneration of eerie ions is one of the 

candidate methods with promising results. Main interfering 

organic acid was found to be oxalic and it was noted the 

current method electrolytic oxidation is satisfactory 

though takes longer time. Development is being pursued on

various types of coated electrodes as anodes. Work on 

partitioning using electrolytic method is also being 

pursued. Data on current density, type of electrodes are 

being tried. Verification of flow sheet formulated was 

carried but by mixer settler runs with a synthetic feed 

solution and results were analysed and found to be 

satisfactory.

8.2 Process Equipment Development

A single pin chopper has been designed and tested. All 

other equipment such as centrifugal contactor, mixer 

settlers, centrifuge, feed metering system etc. have been 

tested in an integrated set up with uranium solution. They 

are going to be tested with radioactive solutions in a 

special facility planned for separation of Uranium-233 

from Thorium.

8.3 U-233 Separation Facility

A separate facility has been set up to separate U-233 from 

irradiated Thorium rods from CIRUS reactor in Trombay. In 

this facility equipment developed will be tested for 

remote operation and maintenance concepts.

8.4 FBTR Fuel Reprocessing Plant

A plant for reprocessing for fuel discharged from FBTR is 

being constructed in the fuel reprocessing complex, which 

includes a plant for reprocessing of fuel from CANDU 

reactors of MAPS. The civil works are under progress.



9.1. Fuel-Coolant Interactions

In the area of small scale MFCI following local fuel-pin 

failure in a subassembly, studies were conducted with the 

help of the improved parametric model (FCISRL) to compare 

the performance of oxide fuel with respect to advanced 

fuels; carbide, metal and nitride. Amongst the fuels 

studied, nitride exhibited the highest peak pressure and 

conversion efficiency. Metallic fuel, inspite of its 

highest thermal conductivity, exhibited the lowest values 

for the above parameters on account of its low operating 

temperature. Parametric calculations with the fuel at 

different initial temperatures at the time of contact with 

the coolant were performed. It was observed that at the 

initial fuel temperature of about 2473 K, metallic fuel 

exhibited higher peak pressures than the oxide fuel. 

Experimental investigations were carried out on MFCI in 

the Tin-Water system by varying the tin temperature (573- 

973 K), and water temperature (303-363 K) for a molten tin 

mass of 10 g. It has been observed that the region of 

explosion is given by an empirical relationship (Tf-Tb)/ 

(Tb-Tc) <17 where Tf and Tc refer to fuel and coolant 

temperatures and Tb is the boiling point of water.

9.2. Exploding Wires

Generation and attenuation characteristics of shock 

pressure pulses have been studied in exploding wire 

experiments conducted in air with a 10 kJ capacitor bank

9 .0  SAFETY and for wire lengths upto 20 cm. Design of an exploding 

wire facility with a 100 kJ capacitor bank for studying 

propagation of shock pressure in homogeneous and 

heterogeneous media is complete. Shock overpressures in 

the range of 50 MPa are planned to be generated and shock 

transmission through an array of fuel pins and attenuation 

through perforated metal plates are planned.

9.3 Sodium Loop for Activity Deposition Studies

Erection of a sodium loop with a circulating sodium 

inventory of 60 kg has been completed. Designed for 

operating temperatures in the range of 773-823 К and heat 

exchange capacity of 45 KW, the loop allows hot-to-cold 

temperature differences upto 150 K. Sodium velocities 

attainable are upto 5 m/s. The loop is being commissioned 

for studying the transport of radioactive fission and 

corrosion products in sodium circuits as well as for 

development of radionuclide traps.

9.4. Sodium Combustion Aerosols

It is desirable to rapidly bring down the concentration of 

airborne sodium oxide aerosols in containment atmospheres 

resulting from accidental fires of sodium. The influence 

of electric and radiation fields on the concentration 

decay half-times for the airborne sodium oxide aerosols 

has been studied. The half time for concentration decay 

was found to decrease substantially from 240 minutes under 

no field condition to 7 minutes witn both fields present.



Studies conducted for methylene blue aerosols also yielded 

comparable results.

Preliminary experiments on fires of contaminated sodium 

("100 g) were conducted in a 600 L SS vessel. A specific 

activity ratio of 2.3 was obtained for the release of 

CS 134 from sodium fires.

9.5. Radiation Detection and Dosimetry

A detector system based on Superheated Drop Detector has 

been developed for neutron dosimetry, area monitoring and 

neutron 3pectrometry. The detector comprises an ensemble 

of drops of a superheated liquid suspended in the matrix 

of another liquid which is viscous, immiscible gel or 

polymer. The systems studied included Mafron 12 and 

Mafron 21 as the supercooled liquid dispersed in a 

viscoelastic acrylamide polymer. Both systems have 

demonstrated good response and stability when exposed to 

neutrons from an Am-Ве source.
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