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3.

Large pump test to start 1983.
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Selection in 1985.
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Facilities
1.

Fuel storage at FFTF.

2.

70 MWt steam generator to be completed at LMEC 1978.

3.

FMEF design work started.

4.

HPFL design work started.

5.

TTF at LMEC in operation.

6.

Upgrading of TREAT to be completed in next several years.

The efforts described would serve as a focal point for the expanded base
program, but more importantly, it would assure a viable breeder option
which could meet the requirement stated by President Carter: "I believe
that a strong research and development program for the breeder reactor
is essential to maintaining diversity of energy supply options for this
country ...."
To summarize, from the U.S. domestic viewpoint, there appears to be time
to develop a better product and to examine proliferation considerations
more deliberately.

1.

B A C K G R O U N D T O T H E 1978 REVIEW

The main events during 1977 concerning the nuclear power programme were the public inquiry
into the proposal to buiid a new Thermal Oxide Reprocessing Plant (THORP) at VVindscale and the
government decision on the choice of nuclear reactors for the next stage of the thermal reactor programme. Both these events, though not directly concerned with fast reactor development have significant
implications for the UK fast reactor programme. Indeed, during the course of the Windscale inquiry it
was made clear that there was to be an inquiry on fast reactors that would consider all the issues consequent upon the introduction of fast reactors as major contributors to the UK power supplies. Fast
reactor matters were therefore not discussed extensively at Windscale - nevertheless some of the conclusions concerning the various facets of the use of plutonium for power generation were considered and
the conclusions are of importance to fast reactor development.
The decision to build two further AGR power stations and in addition to develop the option of
adopting the Pressurised Water Reactor (PWR) System in the early 198O's impacts on the fast reactor
programme mainly as a result of competition for resources. The Secretary of State for Energy has stated
that the next decision to be made is that on the fast breeder reactor. In the meantime the development
programme :s continuing at a rate of over £60M per year on the fast breeder development programme
including the operation of the Prototype Fast Reactor (PFR) at Dounreay.
The Nuclear Power Company (NPC) responsible for the design and construction of nuclear reactors
in the UK has continued work on the engineering design of the 1300 MW(E) fast reactor now called the
Commerciai Demonstration Fast Reactor (CDFR). A restrained core design has now been developed to
replace the free-standing design of the type used for the PFR and the engineering design of the plant is
continually being revised and improved.
The Central Electricity Generating Board (CEGB) continue to play an active part in the development programme. They have made their own studies of uranium demand and the system penetration
characteristics of the fast reactor under varying assumptions for future system growth. These underline the
need for achieving short plutonium tumround time in the fuel cycle, particularly where fast reactors are
supported solely by plutonium produced in an adjoint thermal reactor programme, if ore demand is to be
minimised. CEGB continue to support the operation of the PFR at Dounreay by secondment of suitably
experienced staff. In addition scientific staff have been seconded to assist in reprocessing activity in the UK
and in sodium boiling experiments at KfK Karlsruhe. Secondment to the SNR-300 project continues.
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The Nuclear Installations Inspectorate (Nil) have continued their independent assessment of fast
reactor safety, devoting much effort to Whole Core Accidents (WCA). The work has included studies of
the explosion yield of postulated accidents and the consequences for the population of extreme examples
of such accidents.
The behaviour in normal operation of a prestressed containment is being investigated and the
Inspectorate has participated in the APRICOT international comparative exercise on the analysis of structural response to WCA pressure loads.
The USA government policies with regard to the development of the fast reactor have had some
impact on the UK fast reactor programme. In particular the UK is participating in the International
Nuclear Fuel Cycle Evaluation (INFCE) programme, including possible alternative fuel cycles for fast
reactors, and is devoting some effort to this work, even though it is thought unlikely that any practicable
major changes in the fast reactor fuel cycle are likely to result.
2.

T H E DOUNREAY FAST REACTOR (DFR)

DFR was closed down as scheduled on 23 March I 977 after seventeen yeais of successful operation
as a development and test facility.
During the last run before closure a series of coolant boiling experiments was carried out in which
specially contained experimental rigs containing fast reactor type ruel pins at various levels of burn-up
were operated with gradually reduced coolant flow with repeated periods of local coolant boiling. One
rig was in tact subjected to 12 runs and a total of nearly 24 hours above boiling temperatures. Detailed
analysis of the results of the experiments is still being made but in general it appears that the following
broad conclusions can be drawn:
(1)

Fast reactor fuel is extremely durable.

(2)

Boiling behind a blockage develops axially rather than radially and therefore has little effect on
the bulk flow through the sub-assembly.

(3)

In cases where pin failure occurs it is innocuous and would be easily detected well within the
time scale required by safety considerations.

(4)

In general, theoretical predictions of the outset of boiling are substantiated.

Since the closure of DFR, work has continued on the decontamination of certain items of plant, the
recovery of certain components for examination and the disposal of some NaK.
The reactor will be partially decommissioned, and the outer containment sphere retained, possibly
as an industrial exhibition hall.
3.

P R O T O T Y P E FAST R E A C T O R (PFR)

The last review was made just after the reactor had reached its full thermal power of 600 MW with
an electrical output of 200 MW. The reactor itself has operated between scheduled refuelling shutdowns
at 97% availability during the past year and for 78% of the time since it was taken critical in 1974.
Electrical output has been limited for a variety of reasons, mainly due to the operation of the steam plant
outside its design conditions, particularly the feed-hearing arrangements which lowered the cycle efficiency.
The station was shut down at the beginning of March 1977 for refuelling and maintenance. During the
shutdown, apart from refuelling itself, a number of experiments was loaded. These included two arrays
of fast-response thermocouples to measure sodium temperature in the region above the core, a carbon
meter, coolant monitoring specimens and some shielding experiments. In addition the lengths of subassemblies were checked to confirm that no unexpected growth had occurred. A leak in Evaporator No. 3,
which had been first suspected during the full power run, was located and the tube plugged. As a pre-

caution a detailed survey of all the welds in the tube plate was carried out. The reactor was restarted in
May on Circuits 1 and 2, and Circuit 3 was recommissioned in July. Subsequently the reactor has
operated very reliably.
Operation at reduced power levels has been required while thermal hydraulics were studied in the
primary circuit using special thermocouple probes loaded during die shutdown. Reduced power operation
in the last quarter of the year was due to minor mechanical problems with some conventional plant items.
A further leak in Evaporator No. 3 was detected, located and plugged in less than two weeks.
Equipment to provide a larger steam dump capacity has been installed. This will increase operational flexibility and should prevent tripping of the reactor as a consequence of turbine trips during startup or shutdown sequences. Operation on all three circuits was resumed during December; then in
January 1978 there was a severe storm which disconnected Dounreay completely from the grid of the
North of Scotland Hydro-electric Board (NSHEB). This is the first time since the stair of construction
that this has occurred. The loss of grid connection tripped both reactor and turbine. The diese! alternators and guaranteed power supply systems all operated correctly and the decay heat was rejected through
the thermal syphon loops. The station was restarted early in February 1978 and operated at high power
until the planned refuelling and maintenance shutdown in March. The length of this shutdown will
depend on the time taken to re-blade the end rows of the LP turbine. Erosion shields had been removed
in 1973 and wear has been exacerbated by the prolonged operation under non-standard steam conditions.
During this year steam generator performance has been much improved, the only leaks occurring on
Evaporator No. 3 which haH been severely contaminated with sodium during early operations. Measurements of the temperatures in the hot sodium pool and above-core structures, with development work and
rig tests, confirm that sustained full power operation will be possible with the core-loading arranged
during the present shutdown.
Good proeress has been made with commissioning of the irradiated-fuel caves, including the complete sodium filling of the equipment tanks and the filter testing. Many of the moves of irradiated fuel and
components between the in-reactor store and caves have been completed for the next reioad.
4.
4.1

C O M M E R C I A L D E M O N S T R A T I O N FAST REACTOR (CDFR)

Core design and parameters

A review of the different designs of heterogeneous cores is being prepared. It is not certain that
a worthwhile improvement in safety will be achieved by the adoption of such a core but the UK designers
are considering in some detail the engineering effects of the various alternatives. The main factors to be
influenced are the overall size of the core and the disposition of absorber rods and nucleonic inst-uments.
As work continues on the restrained core, a definitive design has been produced and analysed. The
conclusion is that this design of restrained core is satisfactory. Design of the diagrid and carriers has
resulted in an alternative scheme featuring hydraulic hold-down for the carriers distinct from the earlier
mechanical hold-down system. Fabrication problems of both diagrid and carriers will be examined to
anticipate manufacturing methods.
Further studies of the implication of adopting a saturated steam cycle have confirmed that there is a
small cost penalty, using present design concepts, by adoption of a saturated steam cycle. This penalty
could be significantly increased if lower cost boilers, for a superheat system, are eventually shown to be
acceptable. It is generally considered that structures for the superheat design will eventually be shown to
be satisfactory. Also it is by no means clear that any other country will adopt a saturated cycle, and it is
highly undesirable that the UK should be out of line with world trends in fast reactor development. It has
therefore been concluded that no further work should be undertaken on a saturated cycle design at
present.
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At a recent review of reactor parameters it was shown that a significant increase in the number of
reactor trips which could be tolerated by the high temperature structures would be obtained by reducing
the core temperature rise, although at some economic penalty. It was concluded that this potential was
sufficiently attractive to justify a short study of the implication on reactor engineering design and system
economics to decide whether a reduction in temperature rise is justifiable. This study is to be completed
shortly.
4.2

Safety features o f the design

Work is continuing on design of the insulation of the primary containment vault for both normal
operation and extreme accident conditions in which the primary tank is breached. The proposed design
uses ceramic insulation bricks attached to the inside surface of the containment liner, faced internally with
a flexible skin which minimises heat losses during normal operation. Preliminary experiments with the
ceramic blocks have shown them to be impervious to sodium over a significant period of time.
The hold-down tie bolts of the rotating shield have long been recognised as a limiting feature in the
strength of the primary containment. In an attempt to improve the strength of the hold-down system a
preliminary design of a buttress system between the shield and the reactor roof, in addition to the holddown bolts, has been prepared. This appears to be mechanically feasible and dynamic calculations to
assess its effectiveness should be available in about two months. Such a design inhibits insertion of
instruments into the sub-assembly outlet nozzles and may therefore reduce the accuracy of core outlet
temperature measurements.
Continuing progress is being made in design of a damage-tolerant core support structure. Monitoring and inspection have a role to play in ensuring the integrity of this and other important reactor structures and design effort has now been deployed on this topic. A system is being prepared to allow inspection of the external surface of the reactor vessel.
An appraisal of various shutdown systems has been made. These include liquid absorber in the
form of lithium-6 and tantalum balls injected into the core from either above or below. It has been concluded that the design based on tantalum balls is probably feasible and meets the requirement for diversity
but is likely to be less reliable and will require considerably more development than the reference design.
It may also be more suitable for use as a tertiary rather :han an alternative shutdown system. These
designs are being evaluated to prepare a strategy for discussion with the relevant saferv bodies.

of fuel between the reactor and a remotely sited reprocessing plant and is to include the design of storage
and handling facilities at the reprocessing plant. A preliminary design of dry fuel storage cell has been
prepared.
Work on sodium cooling of fuel during transfer from the reactor to fuel storage pond continues to
uphold the merits of this form of cooling compared with argon. It should allow fuel of higher rating to be
transferred so eliminating the in-reacior fuel store. Problems asodated with thermal gradients and
thermal shock are being evaluated. The initial indications are that this will not lead to any insurmountable
problems but that it may be prudent to lower the reactor refuelling temperature from 3J0°C to 300°C
to limit temperature differences between reactor sodium and cooling sodium. A proposal to study experimentally coolant flow distributions in a simple water model has been prepared. A design of fuel store
cooling system using cooling pipes embodied in the concrete wall of the fuel store is being studied. Initial
indications are that this will be adequate as an ultimate cooling system to control temperatures in the
fuel store to acceptable limits and when used in connection with coolers immersed in the store sodium
wiil provide an overall system of adequate redundancy and diversity.
A design investigation of a multi-flask system for transfer of active reactor components between the
reactor and decontamination facilities using an overhead crane system is showing promise. This design
enables any interaction between the fuel handling and active handling systems to be avoided thus leading
to a reduction in the diameter of the secondary containment building.
The design of a proposed bellows to give the secondary circuits the necessary flexibility to reduce
thermal stresses in the pipes to an acceptable level has been completed. This indicates that a bellows
should be acceptable with respect to thermal and mechanical stresses and development proposals have
now been formulated. Work on examining the effects on the secondary circuit of proposed revisions to
the reactor layout is proceeding.

5.
5.1

Large sodium rigs

Commissioning of the High Temperature Sodium Loop (HTSL) and the Sodium Components Test
Rig (SCTR) is in progress. These ngs represent the first phase of a CDFR Rig Construction Programme.
5.1.'

4.3

ENGINEERING DEVELOPMENT

High temperature sodium loop

Plant design

In an attempt to overcome the problems of controlling the thermal gradient in the top strake of the
primary vessel an alternative design is being investigated in which the vessel is supported by straps from
the roof with the sodium contained in an extension above the straps to within a short distance of the roof
but not attached to it. The straps and vessel extension would be connected to each other by means of a
Y-forging similar to that used for attachment of the core support structure to the vessel. A potential problem with this proposal is the vaporisation of sodium and its subsequent condensation within the reactor
vault. Means will have to be pro' .dcd for monitoring the sodium deposited and removing it.
Design of the fuel transfer cell is proceeding and making satisfactory progress. The current concept
uses a steel cell carrying a rotating plug in its roof for rotation of the fuel buckets between the reactor and
fuel store ramps, the cell being shielded by concrete. A particular aspect of this design currently receiving
detailed inspection is the valves which close the ports between the cell and the reactor vessel and fuel store.
Leakage rates for these valves have been specified which should enable a relatively simple system to be
used. Designs of alternative NaK loops for cooling the fuel store have been investigated and it is considered that adoption of three loops, each of about 75% peak capacity, will be adequate to meet the
reliability requirements. The study has begun of the engineering problems associated with the transport

The rig consists of a simple pumped loop with storage and clean-up facilities for 14 tonnes of
sodium. It will operate isothermally at anv temperature within the range 3 50-3 70° C. A sub-loop with an
EM high temperature pump and electric induction heater will also allow the generation of thermal
gradients within the limits 600-400°C at a maximum rate of 2J°C/second.
Other important parameters include a maximum flow rate of 90 litres/second (1200 gal/min) and
maximum pressure head across the test section at full flow of 8-3 bars (120 lb/in : ). This is sufficient to
provide a flow of 10% in excess of normal full flow for any of the designs of fuel element sub-assembly
currently being considered. A 20-100% variation in flow can be achieved by alteration of pump speed.
The circuit has been designed to minimise inherent cavitation and gas entrainment in order to facilitate
experiments where these parameters are being studied.
5.1.2

Sodium components test rig

The SCTR was designed to endorse the mechanical design of reactor components ir. medium essentially reproducing conditions which are known to affect wear rates, mechanical stability and sodium
vapour behaviour. It was not the intention to reproduce the dynamic conditions caused by flowing
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sodium at high velocity since these effects can be more conveniently studied in water rigs. The rig parameters are: sodium capacity ~ 28 tonnes; sodium temperature variable up to a maximum of 65O°C;
sodium impurity level controlled by cold trapping to minimum impurity levels corresponding to a saturation temperature of 120°C.

The oscillating fluid forces acting on a small scale model of a bellows unit for joining the pump to
the HP pipework have been measured in a water loop. Spectral analysis of the force components indicate
a low frequenc" broad band random excitation with an amplitude of the order of a few pounds peak to
peak at re.icior «cale.

Seven test sections, basically vertical cylinders of various sizes, will be provided and the arrangement of the clean-up system will allow the temperature and impurity condition in each to be monitored
and controlled independently. Safety features will be provided to allow test pieces to be removed and
replaced without disturbing conditions in other test vessels. The test vessels are made up of four vessels
approximately 0-6 m diameter and 3-8 m length for constituent component tests, which are already
installed, and three long vessels which will be tailored to the development requirements of the CDFR
Primary Control and Shutoff Rod, Secondary Shutdown System and Fuelling Machine respectively and
will be provided later. Until the reactor reference design is finally decided the larger vessels have been
assigned notional dimensions, the longest being 23 m long and 1-07 m wide.

It has been proposed that endorsement of the flow induced vibration behaviour of the CDFR'abovecore structure should be carried out on a small scale water model (1/5- to 1/3-scale). The structure
is essentially a matrix of tubes in mixed parallel and cross flow conditions. Between a water model and
the reactor the Reynolds numbers vary considerably and to show the validity of the proposed water
model it must be demonstrated that this change will not significantly affect the flow forces. Therefore
two models have been specified and designed in which representative short sections of tube can be examined
under the correct flow conditions over the appropriate Reynolds number range for variations in flow
induced force, amplitude and frequency. One of these 'basic' models, at 1/3-scale, has been constructed
and a full scale model is at present being assembled.

S.l.J

5.2.2

Rig buildings

Above-core structure

The rigs are housed in a new building comprising an experimental hall, workshop area and an office/
control room complex. Its roof is at three levels being 36 m over the SCTR long test vessels, 24 m over
the HTSL area and 1(M m over the Test Section Assembly area. The workshop flopr area is approximately 640 m J .

Streams of sodium, discharging from adjacent sub-assemblies at different temperatures give rise to a
phenomenon called thermal striping. If these streams are unsteady, this will lead to fluctuating temperatures in the above-core region and will result in some form of thermal cycling of any structures in the flowpath.

HTSL has been run as a water loop to establish the cavitation characteristics of the mechanical
pump, and has now been emptied and dried. The rig has been trace heated, lagged and is in the final
stages of inspection prior to handover. The first ten-tonne load of sodium has been treated to remove
calcium before transfer to the dump tank. Sodium commissioning is planned to start in March 1978 and
the first experiments will be to establish the pump cavitation characteristics in sodium.

Out-of-pile work on air and water models has been carried out to gain an understanding of the
nature of these temperature fluctuations. A limited number of temperature readings has been obtained
from PFR instrumentation, to produce typical time/temperature traces which are being analysed.

SCTR is undergoing dry commissioning checks and handover is imminent. The second delivery of
sodium will be charged (after treatment) into this rig during April 1978 ready for sodium commissioning.

5.1
5.2.1

Coolant circuit hydraulics and vibration
Hydraulic models of circuits

The overall objective of this work is to advise CDFR designers on hydraulics and vibration problems
encountered during the design of the sodium coolant circuits. Hydraulics models of components are
built and operated as required.
Work has continued on a 1/lJ-scale Perspex model of the hot outlet header pool which was modified to approximate to the reacto' design current in early 1977. Measurements have been made of the wall
static pressure variations to give an indication of the driving pressure gradients which could control leakage
flowrates behind thermal insuktion. Free surface disturbance which could lead to gas entrainment
depends on deflector baffle height, the surface becoming more quiescent at the higher baffle level examined. A
specification has been prepared to modify the model in line with latest designs.
Experiments have continued to investigate the fluctuating forces exerted on pipes which are unobstructed or incorporate orifice piates or abrupt contractions. For clear pipes the lateral forces are small and
have no characteristic peak in their frequency spectrum. For pipes containing orifices much larger lateral
forces result (typically 4 kN peak/peak for a 0-J m diameter pipe at 5 m/second flow velocity) having a
well developed frequency peak corresponding to a Strouhal number of 0-01 based on vena cqntracta
velocity. For an abrupt contraction the forces are much reduced compared with the orifice case, but show
the same characteristic Strouhal number of 0-01.

5.23

Primary tank acoustic vibration

A simple 0-12 scale model of a CDFR tank and primary circuit has been built for preliminary
measurements of acoustic vibration. When excited by a 1 watt acoustic source simulating reactor pumps,
vibration stresses of 13 MPa (1900 lb/in2) r.m.s. were measured on high pressure ducts and somewhat
lower stresses on other principal components. These are unlikely to cause damage but some stress enhancement
is possible in CDFR due to coupling effects which are separately studied in small scale laboratory rigs.
In duct tests, coupling and consequent stresses are found to be directly proportional to the degree of geometrical distortion in the duct, for example its ovality. Theoretical analysis has been developed to explain
the coupling and predict its magnitude with some success.
5.3

5.3.1

Instrumentation

Under-sodium viewing

Work is in hand on the development of ultrasonic instruments to provide an under-sodium viewing
capability for fast reactors.
The characteristics of a sodium immersible transducer are being determined. The transducer is a
5 MHz lead zirconium titanate disc bonded to its containment with lead. The performance of a transducer
depends critically on effective werring and gas bubble removal from its surface after immersion. Whilst
the initial wetting of nickel-faced transducers appears to be slow, it has been shown that when a downward facing transducer is re-immersed in sodium there are no problems provided the sodium is maintained
in a clean condition. Acceptable levels of cleanliness need to be determined. A new glove-box sodium
facility has been commissioned and is being used to investigate the initial wetting of transducers. Meanwhile the transducer in the horizontal scanning facility continues to be used for under-sodium imaging
experiments. These have included the use of digital storage equipment to enable data to be processed
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retrospectively by computer. In this way images of a spherical target have been obtained. The transducer
itself has been used for over 10 months at temperatures up to and above 300°C.
5.3.2

Sub-assembly

instrumentation

Work continues on the development of a 1 mm diameter double-walled co-axial thermocouple, in
which the Chromel and Alumel conductors arc butt-welded together, sheathed, swaged down and then
bent into a hairpin form with the junction at the tip of the hairpin. This type of construction gives a
relatively robust thermocouple with a response time of ~ 50 ms.
A 60 sample batch of these thermocouples has survived over 5 x 10* 400-600-400"C fast temperature cycles without any failures; a similar batch has survived 1 JO hours in flowing sodium at 600°C without any failures.
Prototypes of a complete sub-assembly instrumentation thermocouple cluster have also been produced. The hot junctions of 6 co-axial thermocouples are enclosed in a 30 mm x 8 mm diameter shroud
tube and then the 12 cable legs boxed up helically around a 3 mm core cable to produce a robust, flexible
multi-strand assembly 5 mm wide and up to 23 m long. Thermal response tests on the full assembly and
guide tube insertion tests, in sodium, are planned as the next stage in this development.
A test section for performance measurements on prototype sub-assembly Instrument Packages has
been constructed and is presently being fined to the Mechanical Pump Test Rig. It simulates in sodium
the outlet conditions of a cluster of transients (30°C in < 100 ms) and flow transients (3 m/second2) for
periods up to 3 seconds), either separately or together to simulate SPERT precursor conditions. The
performance of the Instrument Package can be measured under normal conditions and also when it is displaced vertically or horizontally from its normal position.

3.4
5.4.1

5.5
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Steam generators

A programme of steam generator development work has continued during the past year at AEE
Winfrith. The analysis of the results from the 0-5 m radius bend U-tube in the High Pressure Rig were
completed. This work showed that low quality bend dryout could be satisfactorily predicted by a theoretically based model. Subsequently, tests have been carried out on a 10 mm radius U-tube in the same
rig to investigate the effect of varying bend radius. Analysis of the results is proceeding. Detailed analysis
is also being undertaken of the data obtained from these test sections for post dryout heat transfer and
temperature fluctuations at dryout. The former is important as it has a strong influence on the degree of
inequality required in the legs of the U-tube to avoid boiling in the bend and the latter is important as it
couid lead to evaporator tube fatigue failure. The location of dryout in the riser also has a strong influence
on the inequality in the U-tube legs and a new dryout correlation has been produced specifically for CDFR
conditions. As bend dryout is so important a glass test section has been produced for the low pressure
Freon demonstration rig which is allowing visual examination of the two phase flow patterns in the bend
of a U-tube.
A series of tests is being carried out on the Freon rig to compare electrical and fluid heating of an
evaporator tube in the context of the onset of dryout, post dryout heat transfer and temperature fluctuations at dryout. The first set of tests with an axially uniform heat flux profile generated by electrical heating has been completed and the second test section, which is heated by counter current hot water, is
currently being commissioned.
5.6

S o d i u m / w a t e r reactions

The first phase of the programme on the gas/water modelling rig has been completed successfully
and written up but the second phase has been delayed by failure of the main Perspex pressure vessel.
Experimental work will restart shortly.

Components
HALIP

Pumps

Work is proceeding on the development of the Helical Annular Linear Induction EM Pump
(HALIP). This type of pump comprises a 3- or 6- Stan helical coil of mineral insulated cable wound on a
ferritic former having salient poles, and inserted into a fcrritic tube which forms a sodium annulus with
longitudinal baffles to encourage axial flow of the sodium. This type of pump can be used fully immersed
in the primary sodium circuit at temperatures up to 600°C, and has the advantage that the windings can
be withdrawn and replaced without disturbing the pump duct and connecting pipework.
Initial in-sodium testing on 32 mm diameter core pumps has demonstrated dearly that the more
easily wound six-start form is much more efficient than the equivalent three-start (star-connected) form of
3-phase windings, at the expense of twice the number of cable tails. A six-start 51 mm diameter model
showed the expected increase in efficiency over the smaller form. Increasing the sodium annulus width of
this size from 1 -2 to 1-7 mm demonstrated that the loss in electrical efficiency was more than offset by the
decrease in hydraulic losses. With this wider gap, and with an excitation of 200 A at 250 Hz, the best
efficiency was 4% at 0-9 litres/second at 3 3 KPa. Higher efficiencies at lower frequencies are expected
with the larger pumps; sizes up to 300 mm core diameter are proposed.
A cavitarion test has also been performed on the 51 mm diameter HALIP pump where the rig
cover-gas pressure was reduced below atmospheric, thus reducing the sodium pressure at the pump inlet.
At a given flowrate. the pump cavitated only at a pressure below which the flow duct geometry would
give rise to cavitarion without the pump energised. In other words, the electromagnetic nature of the
pump does not cause cavitation, only the hydraulic dun which forms the pump annulus.

6.
6.1

MATERIALS DEVELOPMENT

Introduction

The main objective of the materials development programme is to provide the designers and operators of CDFR with sufficient data to permit their plant to function with high reliability and availability
over a thirty year life. The behaviour of materials in the longer term in fast reactor environments therefore
forms an important part of the programme.
Most of the work is on Type 316 austenitic steel for the primary circuit and 9Cr I Mo ferritic steel
for the boiler tubes. It is comforting that, based on accumulating experience from short term tests, good
quality sodium does not in general appear to have a deleterious effect on structural steels, but it is important :o confirm this over an extended time. Increasing attention is being given to the properties of 316
weld metal, whose fracture toughness and low temperature ductility are markedly inferior to those of the
wrought material. Adequate inspection of austenitic weld metal is a major objective but its achievement
presents serious technical difficulties. Corrosion studies in a sodium environment have continued and the
Large Mass Transfer Loop at Rislcy Nuclear Laboratories has now completed about 18 months successful
operation. Waterside studies have concentrated on ferritic steel, including its susceptibility to stress
corrosion cracking both in caustic environments and in pure water. In the field of absorber materials, the
irradiation programme in DFR has been completed and the various rigs are now being subjected to a
detailed examination. Tribological testing has continued on a range of counterface materials, with increasing attention being paid to the properties of aluminised nickel alloys.

6.2 Compatibility of materials with sodium
Analysis of the corrosion data from samples in the Large iMass Transfer Loop, which simulates the
PFR primary circuit, reveals that the apparent activation energy for the corrosion process changes with
time. During the first six months of operation, a plot of the corrosion losses as a function of metal
temperature for the various specimens in the 3 m test length indicated that the activation energy was of
the order of 75 kj. Two subsequent plots performed after 2 and 4 months (making total periods of
exposure of 8 and 12 months) have now shown the activation energy to be 150 kj. This means that,
although corrosion rates at the maximum temperature (63O°C) at oxygen levels in the range 5-9 ppm are
in line with previous UKAEA forecasts, the corrosion rates of the lower temperature upstream specimens
are much lower than would have been predicted from small loop data. The composition of the particles
deposited in the Intermediate Heat Exchanger (IHX) section is also chaneine with time, the initial manganese-nickel deposit changing to an iron-rich material (see 7.1.1).
In the light of recent work to establish the corrosion behaviour of a range of ferritic steels in sodium
systems it is probable that the design equation for these materials may have to be modified to accommodate the effects of sodium velocity and oxygen level. Major differences in this equation compared with the
corresponding one for stainless steels are diat the oxygen dependency is to the power 2 and the velocity or
Reynolds number dependency is to the power 0-7 over the Reynolds number range 104 to I -5 x 105.
Studies of the sodium compatibility of braze alloys are nearly complete. Tests at 350° and 500°C
have shown that Nicrobraz 135 is compatible with environments containing mixtures of Na/NaOH/
NajO/NaH for periods extending to 5000 hours. Similar tests with the braze in shear for up 'o 2500
hours in sodium-caustic mixtures have also shown evidence of good compatibility between the bn>?» and
the environment.
Corrosion conditions relevant to boiler leak site growth have been further investigated using the
AERE spinning disc equipment. Corrosion of 9Cr IMo steel discs rotating at 2 rpm in Na saturated with
NajO, NaOH or NaH and in NaOH saturated with Na,0, Na or NaH at 35O-65O°C has been shown not
to be associated with transgranular or intergranular attack. Corrosion rates of welded 2|Cr IMo Nb
tubing were the same as those of 9Cr IMo discs in both Na and NaOH melts at 477° and 550°C. There
was no preferential attack of weld metal or of the heat affected zone and no evidence of transgranular or
intcrgranular attack. Pitting occurred extensively on a 9Cr IMo disc and slightly for the welded 2^Cr IMo
tube at 477° in the NaOH phase and slightly in one of three 9Cr IMo specimens at 550°C in the sodium
phase. The appearance of the materials after exposure to the melts was bright metallic with some staining.
At CEGB Berkeley Nuclear Laboratories emphasis is being given to effects of sodium chemistry on
the level of minor alloying constituents (e.g. carbon, boron) in 316 steel. The influence of compositional
variations with respect to these and other elements on the long term ageing mechanisms in 316 steel has
been examined; marked differences are observed in the rate of sigmatisation and in the morphologies of
sigma-phase and carbide precipitates. The micro-structure of 9Cr IMo steel similarly was strongly
influenced by the chemistry of the sodium environment and compositional variations; mild carburization
or mtriding stabilised the steel micro-structure resulting in retention of creep strength. The selection of
pre-heat treatment and compositional specification has been assessed with a view to further optimisation
of these benefits.
Small scale pumped sodium loops simulating the primary and secondary (9Cr lMo/316) circuits
of PFR have operated for 2-0 x IO4 hours and 1 -2 x 10* hours respectively. Preliminary indications are
that in the primary circuit some decarburisation will occur only in the high heat flux regions (fuel clad),
whilst in the secondary circuit carbon transport should be unimportant.
Also at Berkeley the role of sodium oxygen potential in mass transport processes involving the
ferritic steels 2^-Cr, 9 Cr IMo, 12Cr IMo, IMo V, has been examined; formation of sodium chromite

influenced both the corrosion mechanism and carbon transport behaviour; the importance of this work
with respect to steel pre-treatment and tribology was highlighted.
CEGB's Central Electrical Research Laboratories (CERL) at Leatherhead have done mechanistic
studies of sodium corrosion and examined the behaviour of pure metals and binary alloys exposed to
sodium in facilities at Risley, as a means of understanding the more complex corrosion behaviour of steels
in sodium. For iron/chromium alloys the corrosion rate under fixed conditions (65O°C; oxygen 25 ppm)
increases with chromium concentration up to approximately 10% chromium, after which it fails very
rapidly by an order of magnitude and subsequently remains low. The sharp decrease in corrosion rate is
associated with the appearance of a film of sodium chromite that is adherent even in high velocity sodium.
At high chromium concentrations both processes contribute and irregular surface loss is observed because
of the different rates of the two.
6.3
6.J.I

Waterside corrosion
Stress corrosion of boiler steels

In good quality water (Conductivity < 2|iSj3cm"' and having oxygen < 0-05 ppm) U-ber.d specimens
made from stabilised and unstabilised material joined by a hard weld have now survived about 18 months
exposure at 35O°C without cracking. Nevertheless, it is now evident that test conditions can combine
unfavourably with some metallurgical feature to cause intergranular cracking in this type of environment
in a matter of weeks.
In a 30% solution of caustic soda refluxing at 120°C. U-bends containing a weld have been found
to fail intergranularly in times ranging from 4 days for hard specimens (400-420 VPN) to about 17 days
for softened material free of any temper embrirtlement; soft material heat treated so as to encourage
temper embrittlement is intermediate in behaviour. At 200°C in pressurised 10% caustic, cracking of Ubends occurs much more rapidly and the spectrum of behaviour associated with heat treatment variables
is narrower (from within the 7 hour cycle required for these tests to about 4 days). At 500°C hard welds
have survived for about 7 days without cracking in 0-01 and 0-1% caustic soda and 21 days in a 1%
solution (these being the maximum test durations). Tests in 10% solution at 300°C performed at CERL
on behalf of the UKAEA in pressurised facilities in which the specimens were held at a non-cracking
potential during heating to and cooling from the test temperature indicate that hard welds require some
10 days at test temperature for cracking to occur.
Work is now in progress on the stress corrosion behaviour of 9Cr IMo steel. The principal objective will be to determine the significance of microstructural features in relation to crack susceptibility in
caustic environments. An initial series of tests has been performed in 10% caustic soda at 200°C using Ubend specimens quenched from 1050°C, and also specimens subsequently aged for 1, 5, 10 or 30 minutes
at 700°C. These ageing times give conditions from fairly hard and heavily sensitised, to soft and fully
recovered. The as-quenched specimen (420 VPN) failed within 4 days, and the remaining specimens
within 12 days. However, a further specimen tested in the normalised and tempered condition was
uncracked after 12 days, despite the severity of this test as judged from experience with 2-J-Cr IMo steel.
Evidently therefore, some difference in behaviour is possible between soft, unsensitised materials and the
N and T sample and the structural characteristics of the specimens arc being examined in more detail to
identify possible reasons for the different behaviour.
Fracture mechanics specimens of 9Cr IMo, Alloy 800 and Type 316 stainless steel have been
exposed to water containing 1 % NaCl and 7 ppm O2. The stress intensity during the test was 11 MN/mi.
After 11 days, no crack extension could be discerned on the 9Cr 1 Mo specimens. However, both the
Alloy 800 and 316 specimens showed considerable cracking. This work provides a clear example of the
greater resistance of the ferritic steel to transgranular cracking conditions; the lack of any distinction
between the behaviour of Alloy 800 and Type 316 stainless steel in this particular environment is also
notable.
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6.3.2

Corrosion behaviour in the absence of beat flux

At AERE. corrosion studies have continued using capsules to study the effect of a variety of adverse
environments and tests have been carried out on the effect of sulphate ions in neutral, acid and alkaline
environments. It appears that in well oxygenated conditions, the presence of sulphate may be less damaging than chloride. In similar tests to assess the chances of caustic attack on 9Cr boiler tubing during decontamination situations, the effect of solution contaminants on alloy performance is being covered. It has
been found that while low levels of P O 4 a and S i O 3 s enhance passivation in dilute caustic solutions,
SiOj™ has a detrimental effect in more concentrated solutions.
6.3.3

Corrosion behaviour in the presence of heat flux

Post corrosion examination of 9Cr IMo tube exposed for 3000 hours to PFR type evaporator conditions in the Harwell Mild Steel Loop has been completed. Platelets of a — Fe,O3 have been observed in
the heat flux zone. These probably result from the high average oxygen level in the loop water during
this test (~ 30 ppb). The oxide layer is 40% thicker in this zone than in isothermal zones. However, the
metal loss in the heat flux zone appears to be slightly less than that in other regions. Approximately 70%
of the hydrogen produced by waterside corrosion diffused to the sodium side. A 9Cr IMo tube containing
60 spark eroded defects has been tested for 5000 hours at high heat flux in the Harwell Mild Steel Loop
under alkaline fault conditions with 10 ppm NaOH in the loop water. Defect behaviour was found to
depend on location and depth/diameter ratio.
The effect of iron impurities from the feed train on salt deposition behaviour in evaporators has
been investigated in the Miniature Boiling Water Loop at AERE by injecting "Fe as Fe(OH)2 equivalent
to a concentration of about 1 ppm in the test section. Experiments in which " N a d , "NaOH or Na"Cl
were dosed into the test section after the iron had been deposited showed little general change in profile
from those observed before the "Fe injection.

6.4
6.4.1

Mechanical properties
Sodium tests

Some progress has been made at RNL on studies of the behaviour of austenitic steel in a dynamic
sodium environment. Tensile specimens of Type 316 stainless steel at 62 5°C and 9Cr IMo steel at 525°C
have now been pre-exposed to sodium for three months; first withdrawal of specimens will be made after
six month's exposure. A sodium loop linked to a servo-hydraulic fatigue machine has operated well and
five tests have been completed satisfactorily on Type 316 stainless steel at 625°C. Four continuous cycling
fatigue tests have been completed; these results show that high purity sodium improves the endurance at
strain range levels below 1 %. A test has also been completed at 0-9% strain range in which a 30 minute
hold time was introduced into each cycle; sodium was found to increase the endurance slightly relative to
air. Meanwhile, construction of the new sodium/mechanical properties laboratory at Risley continues and
commissioning of the rigs is expected to begin during the Summer of 1978.
In a complementary programme the CEGB is studying the effect of liquid sodium on the creep and
rupture characteristics of Alloy 800 using capsule specimens. This work is experimentally close to completion. The work has shown distinct effects of liquid sodium on the creep properties of Alloy 800 with the
liquid sodium reducing the rupture duration by influencing the cracking behaviour. A similar programme
on 9Cr IMo has begun. Preliminary results suggest that 9Cr IMo will not be susceptible to the same
mode of cracking in the sodium environment as Alloy 800 and that any effect of sodium will be small.
Creep tests in static sodium to date have shown no tertiary creep embrittlement of Type 316 steel and that
9Cr IMo steel is relatively insensitive to changes in sodium carbon activity. High temperature fatigue
studies in contaminated sodiums show that crack growth rates are similar to those measured at high

temperature in air. Modelling studies, both experimental and theoretical, show impurities are unable to
diffuse down static or infrequently cycled cracks.

6.4.2

Air tests

Creep and rupture tests in air are continuing on Tvpe 316 stainless steel and its weld metal at 625".
575 and SSO°C and on 9Cr IMo steel at 52J and 475°C. The main concern at present is the variable
ductility of Type 316 stainless steel which can range from 4% to 100%. The creep rupture behaviour of
the Harwell batch of Type 316 steel has been examined at temperatures from 525 to 900°C Creep
behaviour has been interpreted as dislocation creep dependent on the dislocation and transgranular carbide
densities. The transgranular carbide density is controlled by the plastic strain while carbide is still in
solution. At low temperatures a strain ageing process leads to greatly reduced creep rates. Rupture
ductility variations of a very wide ranee were observed and correlated with precipitate morphologies,
natures and distributions. The distribution of gram boundary panicles, in particular the ratio of spacing to
size, was found to be more important than the nature of the phases present, e.g. carbide or intermetallic.
CEGB have examined a number of creep rupture specimens from a UKAEA :est programme on
weldments of 316 steel. Very large variations in rupture strengths and ductilities at temperatures between
575°C and 625°C were related to regional variations in pre-5-ferrite volume fraction and morphology.
This was a consequence of the similarity between the weld bead size and the test specimen diameter (5 mm).
Larger specimens (12 mm diameter) are to be tested in an attempt to reduce the scatter in stress rupture
values.
Short-term creep, tensile and impact tests are being carried out on Type 316 weld metals with
various 6-ferrite contents and differences in trace element content. In addition the influence of phase
transformations, during stress relaxation and creep, on these properties is being obtained. Similar tests
have been completed on heat affected zone structures of low alloy ferritics, 9Cr IMo, 12CrMo. and Type
316 steels. The toughness of Tvpe 316 weld metal determined at 20-5OO°C has been found by RNL to be
significantly inferior to that of wrought material and little affected by stress relief at temperatures of up to
85O°C
CEGB examinations of the creep/rupture behaviours of 9Cr IMo steel in various metallurgical
states have confirmed that the creep ductility remains tolerant to fabrication and service factors which in
other materials would give rise to embrittlement. Work is continuing on the influence of lower tempering
temperatures for 9Cr IMo, and on two variants, 9Cr 2Mo and 9CrMoV,Nb (EM 12), with an emphasis on
improved creep strengths.
At AERE a study has been made of the effect of tempering on the microstructure and mechanical
properties of ?Cr IMo steel. In particular the effect of microstructure on the creep, tensile and impact
properties is under investigation. In common with other workers,' AERE staff have not observed any
intergranular cavitation or wedge type cracking in this material and the rupture samples exhibited extensive grain deformation. Stress relaxation tests on the first pedigree cast of 9Cr IMo steel confirm that it
relaxes readily at temperatures of 500°C and above. Thus at 500°C the stress relaxed from an initial value
of 235N/mm 2 to 45N/mm 2 in 2500 hours.
Creep/fatigue tests on Type 316 stainless steel and its weld metal at 625°C and on 9Cr IMo steel
at 525°C have shown that the effect of hold time on endurance is small for hold times of up to two hours.
A trial test is being performed with a 50 hour hold time, and if this proves successful, further tests with
long hold times will be performed in an attempt to reduce the uncertainties in extrapolation to service
hold times of for example. 500-1000 hours. It is becoming increasingly evident that the creep/fatigue
behaviour is very structure sensitive and consideration is being given to ageing prior to testing to simulate
the microstructure which may be relevant to components after long term operation. CEGB studies involving the determination of mechanical properties of service exposed 316 steel components has shown ageing
can produce early crack initiation in creep fatigue and tensile tests.
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Two aspects of fatigue crack growth have been studied recently. Load controlled fatigue crack
growth tests have been performed on compound tension specimens (CTS) of Type 316 steel at 625°C.
Temperature has been found to have only a small effect on the growth rate, and the introduction of a hold
time of up to three hours in each cycle increased the growth rate by less than a factor of three. The principal effect of creep/fatieue cycling is to cause earlier fracture of the specimen resulting from a deterioration
in the toughness of the material. In addition, fatigue crack propagation tests are being made on Type 316
weldments at SS0°C and 38O°C; the rates are similar to those observed on wrought material. Tests are
also being performed at 55O°C on large constrained butt welded specimens; results to date have shown
that growth rates in such structures can be conservatively predicted from small specimen tests.
High strain fatigue tests carried out on Type 316 steel at 62 J°C produced creep crack growth rates
which were lower in vacuo than in air. The introduction of dwell times at constant strain increased the
crack growth rates, whilst pre-ageing the material at 700°C produced a slight decrease in crack growth
rate. Tests to determine a threshold stress intensity AK0 for crack propagation at 62J°C have shown that
air lowers AK, provided there is a compressive cycle to break up the oxide in the crack. A tension only
cycle permits oxide blocking which raises the threshold value. For this reason testing in vaaio will be
adopted as a matter of course so that data may be applied to CDFR crack growth assessments.
Tests have begun in thermal shock in the range 625-3OO°C. A preliminary calculation shows that
the peak thermal strain occurs after 0-55 seconds during a water quench and tests have been done on free
and constrained specimens.
In creep/fatigue tests on 9Cr lMo a remarkable result is that dwells of + hour have no accelerating
effect on crack growth rates in contrast with other steels at >50°C. This can be traced to the absence of
cavitation during creep of 9Cr lMo. An experiment to determine the effect of a carburized/uncarburized
transition layer on crack growth is now in progress.
A CEGB study of creep crack growth in Alloy 800 has been completed. This showed a marked
effect of aee hardening on cracking susceptibility and demonstrated that the form and distribution of y'
precipitates was important in determining properties. It is intended to extend this work to a tube bursting
programme.

6.5 Absorber materials
The irradiation programme in DFR in which samples of boron carbide, tantalum and europia
(both monodinic and stabilised) were irradiated has been completed. Two rigs containing enriched
(90% 10B) samples of boron carbide have yet to be examined in detail, """he first of these rigs (47573)
extends earlier data to higher burn-up (5% total boron) and has shown a.i increase in clad strain due to
pellet clad interaction of about the expected magnitude. The second rig (479/4) contained pellets with
varying initial pellet clad gaps to study the effect of the gap on pellet swelling rates. Measurements of the
clad dimensions show that no interaction has occurred after one reactor cycle. Both rigs are being transferred to Culcheth for examination. A second rig containing monoclinic and cubic europia at temperatures of 65O"C also completed irradiation and is to be examined at Windscale. Measurements of thermal
diffusivity on monodinic and cubic europia from an earlier rig showed no significant changes. This is an
important result since the two europias are initially poor thermal conductors, whereas boron carbide,
initially a good conductor, is rapidly changed to a poor conductor.
An apparatus has been developed to study the release of tritium from irradiated boron carbide and
the initial programme to test the compatibility of this absorber material with potential fuel cladding alloys
and sodium has been completed. The first boron carbide rod scheduled for detailed post irradiation
inspection has been unloaded from PFR and is now stored in the caves-

6.6 Tribology
Rubbing tests in crossed cylinders geometry over the temperature range 400-600°C have shown
poor weir behaviour in sodium of ferritic steels generally, with sleeve spedfic wear rates of the order of
^"'/N'
and specific wear rates for 9Cr IMo at least as high as with other ferritic steels.'
A wide range of materials has been examined as pins in crossed cylinder geometry as possible gridplate counterface materials. Although significant improvement was found at 400°C in the 9Cr lMo
sleeve wear rates, pickup from the sleeve occurs at SO0°C and above, resulting in sleeve wear rates comparable to those found with 9Cr lMo/9Cr IMo pairs.
Very similar behaviour has been found in fretting tests in sodium over this range of temperature in
the pure rubbing, impact-slide and oblique impact modes. The specimen geometry has been nonconforming, with a hemisphere of 9Cr IMo fretting against a flat counterface with pickup of 9Cr IMo at
the higher temperatures. Specific wear rates, of the order of 10" u mVNm, have been found to be essentially independent of mode under the conditions used. This is contrary to earlier work elsewhere in other
environments but in line with previous results at the National Centre of Tribology (NCT) in sodium with
stainless steel pairs and at room temperature in air with mild steel couples.
A conspicuous exception to this tendency to pickup at the higher temperatures both in rubbing and
in fretting has been found with aluminised counterfaces. such as aluminised Inconel 718. Particularly at
the higher temperatures, where the tendency to pickup is otherwise greatest, wear scars have been
smoother, friction coefficients lower and 9Cr IMo wear rates reduced by up to about three orders of
magnitude. It is believed that this improvement is probably due to the formation of sodium aluminate by
reaction of the aluminium of the outer layer of aluminide with the oxygen containing sodium, parallel
tests in helium not showing any such marked triboloeical benefit.

6.7 Fabrication and inspection
Significant reductions (i.e. to 7$ N/mm 2 ) in residual surface stress have now been measured on
fully restrained welds after exposure at 75O°C for one hour. Unfortunately measurement of the stress
distribution through the joint thickness is very difficult. Since a clear indication of the effect of internal
stress on tolerable defect size is lacking, there appears to be little incentive for further work on the effect
of heat treatment on surface stress relaxation, at least until experimental techniques are established for
defining through thickness stress distribution and analytical techniques are available for using such data.
As an alternative to fusion welding, explosive welding of 2|Cr IMo and 9Cr IMo tubing to 2-J-Cr
IMo tube plates has been studied. Parameters have been established for welding tubes to the upper
region of the tube plate to give weld lengths of 12-14 mm. Thermal shock and pressure cycling tests are
currently being programmed.
As pan of the CEGB programme of work connected with fast reactor design the probable incidence
of weld repairs has been used to predict the optimum heat exchanger size and feasibility studies have been
carried out on weld procedures as a back-up to the brazing of thermal sleeves.
Some preliminary studies have been made of grain orientation in thick section austenitic welds and,
in particular, those made using Narrow Gap techniques to provide information on likely response to ulr j sonic examination.
Creep and thermal cyding experiments on thick section transition joints with Type 316 weld metal
are continuing. These include the testing to about 20,000 hours of a sound joint and the thermal cycling
of a similar joint containing cracks which has been removed from service. A survey has been carried out
of CEGB experience with small diameter transition joints in conventional plant; this complements a
similar survey carried out by the CEGB Midlands Region SSD on thick section transition joints in main
steam and reheat lines in conventional plant.
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The main inspection problem connected with the CDFR primary circuit is the one of inspecting
welds in austenitic stainless steel. Encouraging results have been obtained from sensitivity tests on double
refraction angle longitudinal wave probes applied to single-V butt welds in 50 mm thick Type 316 stainless steel piate while it has been found that high frequency shear waves can penetrate an electron beam
weld in similar material. The latter work implies that conventional high resolution ultrasonic techniques
can be applied to electron beam welds in stainless steel but further work is required to demonstrate the
reliability of defect detection.
A programme has begun on the potential of the ultrasonic diffraction inspection technique. Bun
welds made to recommended fabrication procedures are being examined by conventional radiography and
ultrasonics before inspection by ultrasonic diffraction techniques. A Digital Processing Oscilloscope has
been obtained and scanning frames are being interfaced to it to facilitate data acquisition, and the potential
value of various computerised displays will be assessed for the presentation of low signal-noise ratio ultrasonic signals.
A prototype ultrasonic probe for measuring the wall thickness of straight sections of ferritic boiler
tube has recently been tested. The present device performs a linear scan along the tube but it is being
further developed so as to provide circumferential coverage. A very satisfactory feature of the trials was
that sodium contamination on the outside of the tubes did not interfere with the wall thickness measure-

7. CHEMICAL ENGINEERING/SODIUM TECHNOLOGY
7.1 Circuit mass and activity transfer
7.1.1

Mass transfer

The Larse Mass Transfer Loop at Risley has now completed over 10,000 hours' operation at a
maximum metal temperature of 63O°C, a AT of 200°C, oxygen levels in the range 5-10 ppm and sodium
velocities/Reynolds numbers consistent with PFR design at the core and IHX regions. Successive runs
have confirmed that a cross over between corrosion (weight loss) and deposition (weight gain) occurs
towards the low temperature end of the heated zone which simulates the PFR core. The IHX tube has
shown weight gains throughout this period, with no apparent dependence upon temperature. The
deposits in this rube and at the lower end of the heated zone consist of finely-divided material having a
particle size 1 -2 microns. It is not clear whether these panicles have grown in-situ or have been transported from corrosion regions. Particles retrieved from the lower end of the IHX tube after 6 months
were nch in manganese and nickel, but after 12 months were predominantly iron. Similar iron-rich
material has been found at the upper (high temperature) end of the IHX tube throughout: these iron-rich
panicles contain 5% chromium, 25% nickel and about 2% manganese. Similar polyhedra type particles.
in terms of size and composition, are now being observed in the lower temperature parts ot the BCD
(burst cartridge detection) test section. Experimental studies are continuing.
Topographical changes caused by removal of material from the heated zone and the presence of
particles to a depth of 2 microns in the IHX tube have not affected the operating characteristics of the
Mass Transfer Loop. Tests in other Risley loops have shown that typical paniculate deposits can be
partially removed from surfaces into sodium at Reynolds numbers > 4-6 x 10* but removal is incomplete
even at Reynolds number 1-25 x 103.
At CEGB Berkeley Nuclear Laboratories, sodium enhancement of stainless steel nitriding has been
confirmed, and basic kinetic studies have shown that this effect is more pronounced in the vapour phase
than in the liquid sodium environment. Temperature cycling also, was shown to cause transient
increases in nitriding rates, thus highlighting potential deleterious effects at moving liquid sodium/cover
gas interfaces, in coolant circuits containing nitrogen impurity.

7.1.2

Corrosion and fission product activity transfer

The first of a series of active runs has been completed on the Harwell Active Mass Transfer Loop.
The release and distribution of activation products from an irradiated Type 316 stainless steel source was
followed for a 3-month period. The most striking observation was of preferential deposition of 54Mn
activity on a pure nickel specimen located upstream of the source in the hot isothermal region: up to
25% of the "Mn released to the circuit accumulated here. The distribution of this and other activities
elsewhere in the loop followed expected patterns; thus "Mn deposited preferentially at the cool downstream end of a section simulating an IHX tube, MCo deposited preferentially at the hot upstream and
-"'Fe deposited uniformly along the tube. No evidence emerged from this run to support isotopic
exchange as an important factor in "Fe distribution. A number of pipe lengths were removed from the
loop for decontamination studies. A second active run, without nickel specimens, is now in progress.
The analysis of corrosion product activity transfer at CEGB Berkeley Laboratories has continued
during the year. An expression for individual corrosion product deposition has been extended to include
moving boundary cases corresponding to bulk release or deposition. Attention is now being given to
the identification, from experimental data, of appropriate transfer coefficients and (for manganese
activity) diffusion data: also measurements of manganese solubility in sodium are being undenaken at
Harwell. Some parts of these models arc being used to assess activity release, transport and deposition
in PFR and CDFR circuits and these estimates form a basis for the discussion and definition of decontamination requirements. As an aid to these assessments a start has been made on organising mass and
activity release and distribution calculations on a basis that will be consistent with physics and thermal
hydraulics codes and data used elsewhere in the Fast Reactor Project.
One area of uncenainty highlighted by these assessments is activity deposition on primary pumps.
Experimental work in active loops has not so far covered any of the conditions likely to be encountered
as sodium passes through successive regions within the pumps. A programme of parametric tests is to be
undertaken using a small active loop at Risley which is to incorporate a rotating cylinder held within a
sodium-filled annulus of variable geometry. Data will also be sought from PFR.
It has been concluded that caesium is the main fission product of concern and some small-scale
work is planned. Attention is being given to the way caesium concentrates at interfaces and hence to the
possibility that its concentration there may be high enough to cause caesium to diffuse into steels: there
is some evidence for this phenomenon. At CEGB Berkeley Laboratories a small pumped non-isothermal
loop has been commissioned for caesium work and distribution studies are now in progress. Preliminary
results indicate reversible caesium adsorption at Type 316 stainless steel surfaces: partition to the steel
from the sodium is observed to increase with decreasing temperature and the temperature coefficient for
the process has been measured.
7.2

Sodium removal and decontamination

Installation at Dounreay of the ethanol process for sodium removal is now complete and commissioning trials are about to commence. It is expected that the commissioning will be followed by the
cleaning or PFR reheater No. 3. Application of the alcohol process is limited to components uncontaminated
with radioactive deposits. Extension of the existing Dounreay water cleaning facilities is being considered
to allow a controlled water vapour/inert gas removal of sodium from primary circuit components. As
part of the UK programme on sodium removal, a feasibility study of the vacuum distillation process for
cleaning large components is under way. A design exercise is planned to identify key development
requirements. In parallel the effects on sodium removal of gross contamination of the residual sodium by
air inleakage are being investigated in the laboratory.
Preliminary sorting trials of decontaminant fluids have been earned out at Harwell using stainless steel pipe specimens from the Active Mass Transfer Loop. The decontamination procedure comprised
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2 mcthanol washes, a reagent wash (separate tests at -5°C and SO°C) and a final water wash. Monitoring
ibi *"Co and "Mn, by gamma-counting, determined the decontamination factor (DP) achieved both
overall and after each wash, and analyses for iron, nickel and chromium in the reagent solutions determined the amount of base metal removed. Decontamination is more effective at the higher temperature
and with the more agressive acid reagents. The experimental results indicated that MCo is more readily
removed than 54Mn and removal of cobalt is no: expected to present any difficulties. Removal of MMn
presents more of a problem because of diffusion into the stainless steel substrate. Of the decontaminan:
fluids tested the most effective were citric acid (20%), NaOH/KMnO< (18%/2%), ammonium citrate
(10%). acetic acid (90%) and glycollic acid (20%). It must be noted however, that the specimens only
had a low level of deposited radioactive contamination: higher levels may modify results. The test
programme will continue as specimens from sodium test loops and reactor circuits become available
and will be extended to include both fission and active corrosion product deposits.

7.3.2

Hydrogen detection and measurement on PFR relies at present on diffusion through nickel
membranes followed by a katharometer finish. The increased sensitivity offered by a diffusion/ion
pump finish combination available commercially and by the galvanic hydrogen meter developed at
CEGB Berkeley Nuclear Laboratories has encouraged us to plan tests of these instruments on the PFR
loop mentioned above. The Berkeley Hydrogen meter has been demonstrated to perform theoretically
over the temperature range 300-J00°C and over the hydrogen range 0-03-10 ppm. An engineered
meter has operated successfully in a pumped sodium loop for 6 months so far. Investigations are under
way of the concept of demountable modules which have the dual function of supporting hydrogen (and/
or oxygen) meters and controlling the sodium environment (temperarure/flow) at the instrument.
Looking to CDFR the need for production development to meet reactor engineering standards is
recognised: user loops (ex-reactor) and the PFR loop will be used for this purpose as test vehicles.
7.3A

7.3
5.S.I

Sodium impurity instrumentation
Plugging meter

The Automatic Plugging Meter has long been recognised by operators as a robust instrument:
developed versions are installed and operating on PFR primary and secondary circuits. Trouble
experienced as a conseauence of argon entrainment in the sodium stream has been adequately alleviated
by filtering the noise from flow signals, following developments at Risley Laboratories. Although
results from PFR primary and secondary circuits have been analysed and interpreted in terms of the
multiple impurities present, it is not intended to develop these instruments to identify and measure
individual impurity elements in reactor circuits: for this purpose separate development of specific
hydrogen and oxygen meters is in progress. A new plugging meter developed at CEGB Berkeley
Nuciear Laboratories has been on test during the year and results are being analysed. In this context,
oxygen and hydrogen electrochemical meters have been used in conjunction with controlled impurity
additions to elucidate the behaviour of plugging meters in the presence of oxygen and hydrogen.
7.3.2

Oxygen merer

Development continues against specifications for CDFR primary and secondary circuit operating
limits and for steam/water leak detection in the secondary circuit. The electrochemical oxygen cell
using a thoria/yttria electrolyte and air/platinum or metal/metal oxide internal electrode has been under
development, both at AERE Harwell and at CEGB Berkeley Nuclear Laboratories. At Harwell an independent ceramic production route has been successfully developed and attention is now being given to
means for miniaturizing the cell and attaching the ceramic to a metal support tube. The Mk 1 cell
(200 mm x 12 •$ mm diameter), having been tested for periods up to 8.000 hours, is now regarded as
obsolete: 6 mm tube (a diameter common to Zircoa and Wesringhouse variants) is now standard.
Comparative performance and lifetime tests are in progress in the Oxygen Meter Test Rig (OMTR), for
which purpose a number of commercial instruments have been purchased and installed. Operating time
on this rig now exceeds 5 months at temperatures in the range 300-4O0°C. At Berkeley galvanic ceil
oxygen meters have been constructed and evaluated using lir-reference electrodes and electrolyte
material from several different sources. These cells have been shown to respond theoretically over a
wide range of temperatures and oxygen concentrations. An engineered version has operated successfully in a pumped sodium loop for 6 months so far. Operating experience is accumulating with 2 range
of oxygen meters installed in "user loops" and this experience is to be extended by installing preferred
examples engineered to reactor standards in test loops linked to PFR secondary circuits.

Hydrogen meter

Carbon meter

Work on carbon meters has continued on the basis that a need for a reactor in-line sodium
instrument may emerge from studies of carbon transport effects. Such studies are in progress but to date
there is no formal demonstration that such a need exists. Current development work has reached the
point at which instruments developed independently at AERE Harwell (carbon diffusion) and CEGB
Berkeley Nuclear Laboratories (electrochemical cell) are now installed in the PFR primary circuit and
are operable. Future work on both instruments is aimed at versions capable of operating at lower
temperatures (present limit 500°Q thus obviating the need for separate heating of side streams feeding
the meters and consequential doubts about the meaning of the signal. Attention is also being given to
methods for on-line calibration of the Harwell meter. Assessment of the need for on-line carbon
activity measurement in CDFR continues: this work considers both carbon in materials of construction
and adventitious additions, e.g. from lubricants. The laboratory/loop work upon which these assessments rely in part makes use of carbon meters (of both types) as research tools. Considerable operating
experience is therefore accumulating, e.g. from Risley loops dedicated to interstitial transport studies.
This experience will be reflected in the design of instruments and demountable modules (supporting
carbon meters and controlling the sodium environment) to be installed on the PFR secondary circuit
loop.
7.4

7.4.1

Sodium technology

Tritium

The steady state model of simultaneous hydrogen and tritium transport in CDFR developed at
Risley has been extensively compared with a similar model developed at CEGB Berkeley N'uciear
Laboratories. Given common assumptions about operating conditions and geometry, the same pattern
of tritium distribution and release is predicted by both models. Within the range of normal operation
parameters tritium release to the atmosphere remains less than 9 Ci/day. A joint study with Berkeley
considered circumstances which could lead to an unacceptable high tritium release. In operation this
would occur only if there were very low hydrogen ingress rates to CDFR secondary circuits or if the
hydrogen permeabilities of IHX and steam generator materials were very much higher than seem
plausible. At shutdown there is a mechanism for potential release of some of the equilibrium tritium
inventory if hydrogen ingress falls in step with power reduction.
To quantify this effect data will be obtained on the operational sequence of events and temperature distributions on the waterside of PFR before, during and after trips from power to correlate with
tritium distribution data. So far it has been shown that release to atmosphere from PFR waterside
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plant has been very low, of the order of tens of millicuries per day during a 2-month period at about
40?o of full power. Trips during this period do net appear to have had a marked impact on the pattern
of release. In order to obtain information on tritium distribution the primary circuit Harwell carbon
meter sweep gas has been diverted to a tritium counter.

7.4.2

based on that employed for PFR. Some relevant data will be acquired from the SO tonnes of sodium to be
processed (in S x 10 t batches) for the large test rigs at Risley. Experience with the first batch indicates
that approximately 2-5 rimes the stoichiometric amount of sodium oxide is" required to react
completely with the calcium impurity at 3J0°C. The process equipment will be used for continuing
work in this area.

Caesium trapping
7.4.6

During the course of DFR decommissioning the opportunity is being taken to explore methods
of removing fission product caesium from the NaK coolant. For this purpose 100 kg quantities of
contaminated NaK have been passed through traps containing Reticulated Vitreous Carbon (RVC).
Experience to date indicates that caesium is absorbed on RVC and most can subsequently be removed in
a moist inert gas flow. It is not yet clear whether, under the conditions of these trials, RVC has reached
a saturation condition or whether it has (more probably) come to equilibrium with the very dilute
solutions which have so far been used.

7.4.3

Carbon in sodium

Capsule experiments at CEGB Berkeley Nuclear Laboratories with sodium/mineral oil mixtures
have shown that most carbon remains in sodium and very little « 5 % ) appears in the gas phase as
methane. The chemistry of oils and carbon in hot sodium is continuing to receive attention both at
Berkeley Laboratories and in the UKAEA. At Berkeley the monomer-to-dimer ratio in soluble carbon
species is being measured in autoclaves fitted with galvanic carbon meters. A small pumped loop for the
study of sodium/oil interactions is at the procurement stage. In the UKAEA consideration is being given
to work which will charaaerise deposits on heat transfer surfaces in terms of their origin and their
effect on performance. In assessing the surveillance role of carbon meters some thought is being given to
the measurement of chemical carbon activity at different temperatures in the same pumped system.

7.4.4

Control of impurities in sodium

Major impurities (hydride and oxide) are removed from sodium circuits by cold trapping.
Development aims are to increase the volumetric efficiency of cold traps (currently about 10%) and to
endorse a process for regeneration of cold traps in-situ: these will reduce and perhaps eliminate the
need for frequent basket changes. Consideration of the trapping process in relation to the volumetric
efficiency of the unit as a whole has highlighted the need for uniform sodium flow and temperature
distribution in passing through the economiser into the trapping region. Water analogue tests are
proposed to demonstrate whether current designs are deficient in these respects and to point the way to
improvements. Subsequent endorsement in a pilot-scale sodium loop is planned.
A scheme for a feasibility test for in-situ regeneration of a cold trap has been drafted: it relies on
dissolution of the impurity burden in hot clean sodium. In its optimum form the process will be multibatch, with intermediate batch dumping of impurities. Alternative processes, particularly for removal
of hydride from secondary sodium circuits or cold traps, have been assessed. A simple diffusion device
could remove hydrogen directly from the hot end of a secondary circuit: for example, a niobium
membrane of area less than 10 m2 would suffice to remove the hydrogen ingress to a single circuit. A
process engineering assessment of the most promising membrane materials is to be undertaken. Removal
of hydride from a drained cold trap by heating, pumping and recombining hydrogen (and tritium) with
oxygen over a catalyst bed has also been assessed.
7.4.5

Sodium processing

Because of the larger sodium quantities and delivery rates required for CDFR, further information
on control parameters for processing sodium to reaaor grade quality is required if the treatment is to be

Liquid metal disposal

Tests using DFR coolant indicate that burning of an atomised spray of NaK is an easy, controllable
and safe method for its disposal and it is hoped to dispose of all the non-radioactive coolant in this
manner. If current tests for the removal of radioactive caesium from the primary coolant prove successful, the burning technique may also be used for disposal of this NaK in preference to reaction with
aqueous caustic.

7.5

Sodium leaks and fires

A critical review of the problems arising from sodium leaks and fires in the context of CDFR,
including identification of R&D requirements and revision of development proposals, is nearing completion. A ke;. area is the validation of model computer codes for predicting the environmental conditions
produced by a major spillage fire and the behaviour and morphology of the combustion products released
as aerosols. Data is required on both topics to assist designers in optimising the reactor secondary containment structure and atmospheric clean-up plants to control aerosol emissions to the general public.
Attention has also been given to the provision of leak detection systems having greater speed of response
and sensitivity, and to fire estinguishant and suppression systems. Consideration has been given to
possible interactions between spilled sodium and structural concretes and the effectiveness of protective
steel liners.
At CEGB Berkeley Nuclear Laboratories a review of world data on burning rates has been
completed for sodium burning in vapour droplet, spray and pool form. Improved correlations have been
developed for the burning of vapour jets, and fine sprays, and the effect of forced convection on pool
burning rates. A computer code is being developed to describe the burning of vapour jets and vapour jets
containing entrained sodium droplets. Enough progress has been made to allow a prediction of the temperature
of laminar sodium vapour jets. Recent experimental work related to sodium pool fires has comprised
chemical analysis of surface reaction products, investigation of the effects of calcium and potassium
impurities on the burning rates, and examination of the effectiveness of Graphex CK23 as an extinguishant.
At the AEE Winfrith Laboratories work has begun on the characterisation of the nature and
behaviour of sodium combustion aerosols. Preliminary work in a small (1 m') test chamber has led to
design and construction of a larger (3-5 m3) facility which will include capability for in-situ analysis
and measurement of bulk aerosol temperature profiles and container boundary effects using an infra-red
camera. Particle size determinations will be obtained using an impactor which is currently being
fabricated to an American design. Work is also planned at Winfrith to study the kinetics of conversion
of sodium to its oxide, hydroxide and carbonate under a range of atmospheric conditions, but with
humidity as the key parameter of interest. At Risley and Dounreay an assessment (with some associated
experimental work) is being carried out of the efficacy of a range of sodium fire extinguishant powders
based on sodium carbonate, sodium chloride or graphite.
7.6

Sodium vapour aerosol and hear, transfer studies

Work has continued on water analogue studies to assess heat and mass transfer within annuli and
cylindrical cavities. Modelling of heat and sodium mass transfer based upon these studies has been
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extended to the case of a cover gas volume bounded by a cooled root with a 2-temperature sodium pool.
Experiments are in hand to confirm the theoretical model for heat and mass transfer berween a single
temperanarc cooled roof and sodium pool in an argon environment and to obtain thermal emissivity data
for use in radiative heat transfer calculations.
The first pan of the water analogue studies on vertical cylindrical geometries attached to the cover
gas space has been completed. Both heat transfer alone ("dry" studies) and combined heat and water
mass transfer ("wet" studies) were carried out on 710 mm and 145 mm diameter rube rigs of variable
length, with walls maintained under isothermal cooled conditions. The result of this work generally agrees
with the trends predicted by the model for both wet and dry conditions. Dry heat fluxes at the tube
walls were, however, greater than predicted and it is thought that flow interactions due to eddies passing
from the hot box (not allowed for in the original model) are the cause of this difference. A simple
empirical modification of the model involving the hot box and tube inlet temperatures restored the good
agreement berween the experimental and predicted heat fluxes. However, in the wet condition, the
deposition of water on the tube walls was over-predicted: the results suggest that this is due to condensation and "rain-back" within the vapour space.
Construction of a water analogue annulus rig (720 mm diameter x 3500 mm height and annular
gaps of 10, 30, and 50 mm) and a flat plate analogue rig (6 m long x 2-5 m high) is nearly complete.
Studies on the annulus rig will examine flow behaviour and deposition on the walls and the effect of
change in the size of the annular gap. Effort in the flat plate rig will aim to show that its behaviour
approximates to that of the annulus rig. If this is confirmed it will permit the study of other annuiar
gap sizes and of eccentricity in annuli to be undertaken more readily (on this flat plate rig).
Studies have begun upon a small-scale (450 mm diameter) water analogue rig with a cooled roof
and a central hot pool surrounded by a cooler annular pool to simulate the 2-temperature primary pool
arrangement of the CDFR. The objective of the work is to test the singie-temperature pool/cooled roof
theoretical model for heat and mass transfer against the 2-temperature pool case and, if necessary, to
modify the mode!.
The design of a 600 mm diameter sodium rig to study heat and mass transfer berween a hot sodium
pool and a cooled roof is in hand. The primary aim of the experimental programme is to endorse the
theoretical model for such heat and mass transfer but facilities are also to be provided to establish
whether aerosols exist in the gas space and, if required, to examine the parameters which may influence
their generation and lifetime.
The design of a small-scale sodium rig to provide basic emissivity data for sodium pools and metal
surfaces under conditions typical of CDFR is well developed. The rig will operate berween 200°C and
65O°C with varying levels of impurities in helium or argon blanket cover gases and in sodium. Provision
is also made to locate vertical and horizontal specimens in the cover gas which can also be heated or
cooled; static or agitated sodium pool surfaces will be tested.
CEGB Marchwood Engineering Laboratories continue their study of sodium deposition in helium
and argon cover gas above a hot pool of sodium, with cover gas heights and surface area/volume ratios
and temperatures representative of those in fast reactors. The total sodium deposition rates from argon
are close to the calculated open pool evaporation rates. The total deposition rates from helium, however,
are much lower than from argon and, in general, deposition from helium. Sodium loadings in helium
measured using a filtration ^technique were not significantly different from the vapour pressure corresponding to the sodium pool temperature. Similar measurements are planned for argon and flame
photometry is being irivestigat£<Fas an alternative method for measuring gas loadings. The use of droplet
collection on fine fibres foll6w^d",by examination in a scanning electron microscope is also being
studied experimentally to estimate aerosol size distribution.

7.7
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Cover gas system

Work to determine the charcoal adsorption bed capacity for krypton in argon at lower temperatures than are currently available has been completed down to about — 150°C. The expected non-linear
relationship of capacity against temperature has been confirmed and is attributed to increasingly
competitive co-adsorption of the argon carrier gas as the temperature drops. Further studies will
determine the capacity at lower temperatures and examine the effect of different grades of material
on charcoal capacity. Measurement of the capacity of charcoal beds for xenon in argon is in hand and it
is intended to follow this up by examining the co-adsorption behaviour of xenon, krypton and argon.
An examination of the use of cryogenic distillation for clean-up plant design has shown that a
compact plant for the purification of the CDFR cover gas by this technique could be provided.
7.8

W a t e r circuits

Attention has been given to the quality of treated water supplied by the aluminium floe blanket
water treatment plant to the Dounreay site and the effect of this upon the various ion-exchange resin
plants within the PFR water coolant power circuit. In particular, during 1977 the onset of loss of ionexenange plant performance was associated with unacceptably high levels of organic fouling on the anion
resins, and investigation of this problem is under way. Also in progress is a study of the circumstances
under which non-ionised chloride containing impurities from the ion-exchange resins can be released
into the PFR power circuit to be thermally degraded subsequently to ionisable chloride. These points
highlight two aspects of steam/water circuit operation which are generally applicable to any modern
highly-rated power circuit irrespective of whether the station uses fossil-fired or nuclear steam-raising
units.
Some work has begun to identify the nature of the organics in the treatment plant water, the possible
mechanisms by which it can pass through ion-exchange resins and ultimately the possible degradation
products and their effect within the PFR water circuits. So far. a high content of carboxyl and phenolic
hydroxyl groups have been identified on the organic material. These groups are known to promote
formation of stable, neutral heavy metal/organic complexes which can pass unchanged through ionexchange resins. Formation of the neutral complex with iron may also be enhanced by lowering of the
pH in the water treatment piant: changes of this nature could occur during perturbation in dosing or
mixing of the reagents into the inlet water supply to the plant.
Attention is being focussed on the processes available for the chemical cleaning of the ferritic
evaporator tube bundles used on PFR and planned for the CDFR. The advantages and disadvantages of
adopting a higher-temperature process than those currently in use (i.e. higher than ~90°C) are being
assessed prior to implementation of development work.

8.
8.1

FAST REACTOR FUEL

Introduction

This is the first reporting year in which the major UK irradiation programmes have been mounted
in PFR following the planned shutdown of DFR in the Spring of 1977 after many years of very valuable
operation. The peak burn-up in PFR is approaching 4-0% at the time of writing and the first discharge
of irradiated fuel has been made to the PFR reactor caves. Information continues to accrue from the fuel
and cladding experiments irradiated in DFR and now in the post-irradiation examination programmes.
The NPC designers have recently made a formal recommendation that a restrained core style should be
adopted for CDFR. It is expected that the recommendation will be accepted and particular areas highlighted for development study. No events have occurred during the year which have caused any
significant change in direction of design or development policy.

8.2

DFR fuelled irradiations

At reactor shutdown, the peak burn-up achieved in DFR oxide pin irradiations was 2\-S%: one
of the two pins involved was intact. As reported last year, the highest sub-assembly burn-up reached was
14-4% maximum, in the Mk lib sub-assembly. This had 77 pins of 5-84mm (0-230 in.) outer diameter,
M316, FV548 and PE16 cladding, and included some carbide pins. The fuel smear density was 73%.
This transpired to be an extremely useful experiment because of the number of cladding and fuel
variables included and because it was dismantled and rebuilt a number of times for intermediate
detailed examination and measuration. The final set of pins included a spectrum of burn-ups, since
some pins were removed at intermediate stages for destructive examination. At the final examination,
one pin was found to be leaking. It is of interest to experimenters to record that some carburising was
found in some of the pins dunne; initial manufaaure, which pccasioned careful consideration of whether
to mount the irradiation in the first place: nil desperandum! This sub-assembly has been central in
establishing voidage swelling correlations for the three cladding materials involved over a range of
temperatures and neutron fluences.
The other sub-assembly which it is appropriate to note is the 60 pin Mk Vila oxide sub-assembly
which had the high peak linear rating of ca. 600 VV/cm. This was taken to S'6% peak burn-up and showed
failure in 55 of the pins. These failures did not in any way inhibit the normal operation and discharge
of the sub-assembly. It is not clear why this sub-assembly behaved out of pattern compared with pins
taken to a comparable burn-up and including some at a higher linear rating. No clear reason for the
failures has been isolated, but internal corrosion is marked and unusual. It is hoped that further examination of other DFR irradiated material will cast some more light on this event.

8.3

PFR fuel

The core fuel in PFR has been in the reactor sodium for some 4 years and, as noted in the introduction, has aggregated close on 4-0'~c maximum burn-up of heavy atoms. Xo untoward observations ot
any description have been made. Some small modifications to the driver fuel design have been put in
hand which are in the direction of making the fuel more similar to the detail of CDFR designs and cheaper
to manufacture. For example, the eggbox grids in the early PFR design are being progressively eliminated
in favour of honeycomb grids, and the reduced plenum diameter is being replaced by a full diameter clad
section.
The bulk of the efforx specifically
deployed on predicting the distortion of
on deciding an appropriate schedule of
wrapper dilation. It will be appreciated
materials properties which may exist in

will turn largely on irradiation experience and may indeed lead to the selection of intermediate design
parameters. The 325-pin design will be maintained as a fully available option for immediate implementation in CDFR.
The merits of the passively Restrained Core style when balanced against the higher inter-subassembly loading are generally considered to be sufficiently great that this style should supersede the
earlier Freestanding Style schemed out for CDFR. The supporting experimental development programmes have been firmed down and the salient items are
(i)

Studies of the displacements in wrappers subject to loading at the pad and support points.

(ii)

Studies of the compaction process (as a function of power raising) at the lower (above
core) support plane.

(iii)

Studies of the charging and discharging of actual sub-assemblies from a multi-sub-assembly
build.

(iv)

A restrained bow experiment in PFR.

These experimental studies are being complemented by continuing evolution of the multi-subassembly interference codes SABOW and CRAMP. At present, progress is being made on adapting the
codes to deal with the situation when sub-assemblies interfere (due to dilation) at a position other than at
a pad. This situation is of interest both in PFR and CDFR, since in both reactors, the present state is
that sub-assemblies must be discharged either when the inter-sub-assembly gap has closed, or when a
predetermined amount of interference has (or may have) occurred.
Experimental work carried out in water endurance loops during the year has confirmed that the
spacing and detail of the grid layout proposed for the CDFR 325-pin design should be adequate from
considerations of pin fretting at grid locations.
Current desigr studies are including the examination of varying core inlet and outlet temperatures
in the context of both fuel performance and overall reactor attractiveness.
8.5

Generic topics
(a)

directed to PFR fuel and other core components is currently
the components due to voidage swelling and irradiation creep,
rotation to deal with bowing, and of discharge to deal with
that this exercise must take into account the possible scatter in
the reactor components.

So far, a number of sub-assemblies have been rotated in a perfectly straightforward manner,
mainly to establish the routine for such a procedure but also as a matter of prudence with a small number
of solution annealed stainless steel wrappers inserted for purely experimental purposes. It should be
noted that although PFR is nominally described as having a 'free-standing' core, in practice significant
interference is being allowed to develop between the core components.

8.4

The direction in which progress is desirable is the development of wrapper material of
controllable irradiation creep strength. The restrained core concept uses irradiation creep
to limit the loads arising from sub-assembly bowing, but on the other hand, dilation is an
adverse manifestation of creep. No early major advances are envisaged in this direction and,
for the present, design solutions must be employed.

CDFR design

Since the last report, when the 325-pin sub-assembly of J-84 mm (0-230 in.) outer diameter pins
ca. 450 W/cm linear rating was the Reference Design, a further design has been given the status of an
Alternative Design. This is of a 265- (or 271-) pin sub-assembly using the same 142 mm across-flats
wrapper, but with a pin peak linear rating of 550 VV/cm: this preserves the same mass rating in W/g
of fuel. Endorsement experiments in a wire-wrapped version are already in store at Dounreay and
gridded sub-assemblies are in manufacture by BNFL Windscale. The decision between the two designs

Cladding
The policy with regard to pin cladding and wrapper materials is unchanged in that a desirable
goal is seen as a single low swelling austenitic steel to be used throughout the sub-assembly,
if possible to be superseded in due course by a ferritic steel in the case of wrappers and perhaps
grids. At present the Reference position for both PFR and CDFR uses cold-worked
Type 316 steel for pin cladding and N'imonic PE16 for wrappers. Tne earliest change in
this combination is likely to be the use of silicon and titanium additions in the 316 steel
for pin cladding, although FV 548 is a possible alternative.

(b)

Fuel
Considerable effort has been deployed over the years on the technical implications of
plutonium security and of the desirabiliry of low doubling times and high uranium utilisation. Gel precipitated fuel fits well into a high security route for plutonium, but it is
recognised that there may be performance penalties attaching to a two component vibro
fuel column arising from the relatively poor thermal conductivity and lower packed density of

such fuel bodies. Consideration is being given to the fabrication of pellets from gel feed
and to the use of pellet smear densities up to 90%: the present Reference Smear density is
80% for both PFR and CDFR.

8.6

plain cylindrical cores they introduce a great deal of complexity into all aspects of core design including
both thermal and neutron properties. In consequence so far as the CDFR is concerned the position
is unchanged from iast year, i.e. the core is a plain cylindrical core, but theoretical and experimental work
(in ZEBRA) on heterogeneous cores is still being continued.

Conclusions
10.2

Both from UK sources and from the available world information, fast reactor fuel continues to
evolve along satisfactory lines. It is clear that areas for development and economic gain exist and merit
both specific investigations of precise design concepts and the generic acquisition on cladding fuel
materials. In the latter context, the potential attractions of carbide fuels are noted. The two clear targets
for developers are:
(i)

Fuel designs which fit harmoniously into a secure and economic fuel fabrication, reprocessing and waste material disposal cycle.

(ii)

Fuel concepts which will be economically attractive and offer electric energy independence
on a timescale of 2000 AD.
9.

FUEL CYCLE

During the year work has continued to complete the construction and commissioning of the
PFR Fuel Reprocessing Plant at Dounreay which is scheduled to begin active operation later this year.
The development programme required to confirm the PFR Fuel Reprocessing Flowsheet and to extend
the technology to support the design of a larger plant fo.- reprocessing CDFR-type fuel is in hand.
As part of this development programme, a collaborative experiment has been carried out on the
dissolution of experimental fuel manufactured by KfK and irradiated in DFR. This work included
separation of insoluble material from the solution and characterisation of these insolubles by chemical,
physical and metallurgical techniques. In parallel with reprocessing technology development for PFR
and CDFR fuels, design and development work is being carried out on radioactive waste reduction,
treatment and packaging to minimise the amount of radioactivity which will be released to the environment.
Design studies of transport flasks for both irradiated and non-irradiated fuel sub-assemblies have
been undertaken during 1977 and are still continuing. These flasks are designed for rail transport and
weigh about 100 tonnes each. In addition to the normal considerations of shielding and integrity despite
impact or fire, attention has been paid in the design to ensure that the flasks will be proof against
attack by terrorists.
A study has also been made of the possibility of further hindering any terrorist activity by spiking
or pre-irradiating new fuel. Although this could be done if desired, it seems unlikely that this added
protection will be necessary or desirable since the physical protection provided by the very heavy flasks
will be more than adequate.

10.
10.1

SAFETY

General

There has been little change in the overall position on the safety of fast reactors in the UK. The
development programme is continuing on the same lines as before and work has started on marshalling
evidence to be presented at the expected public inquiry into the use of fast reaaors in the UK power
system. A start has also been made on a detailed risk assessment for a large fast reactor power station —
this is a very large task which is expected to take some years to complete.
Work has continued on the study of heterogeneous cores and their properties. Although some
designs appear to have real advantages including a possible improvement in safety in comparison with

Public discussions

Safety and other environmental considerations connected with the proposed introduction of fast
reactors into the UK power programme have continued to attract much public attention during the
year. In addition the public inquiry into the proposed building of the Thermal Oxide Reprocessing Plant
(THORP) at Windscale inevitably raised issues connected with fast reactors. Discussion on the fast reactor
aspects was however minimised as a result of an undertaking to hold a later inquiry, devoted solely to the
fast reactor programme. Some of the safety issues involved in the fasr reactor programme were publically
discussed at a rwo-day debate organised by the Royal Institution in October. On this occasion the safety
of the reactor itself seemed to be generally accepted, but much attention was devoted to the dangers of
possible terrorist activity and the suggested nsk of the proliferation of nuclear weapons as a result of the
use of piutonium in fast reactors. It is expected that public interest in these aspects as well as the safety of
the reactor will continue at a high level during the coming year.
10.3

Hypothetical whole core disruptive accident

Development of the whole-core accident core FRAX has continued. Although no major new
modules have been introduced several important modifications have been made in the process of
producing a satisfactory new production version of the code (FRAX-2).
The requirement for the code to allow any voiding mechanism to succeed any other in the same
channel, after coolant has returned to the channel, has been accommodated (e.g. voiding by fission gas
release from failed pins followed by coolant re-entry and subsequent FCI). Other modifications to the
can and fuel failure criteria being used in the code, including an allowance for the effect of fuel vapour
pressure on clad strain, have been made, and the fuel and clad expansion formulation has been improved.
A deterministic treatment of fuel/coolant heat transfer during fuel/coolant interactions, based
upon the Cho/Wright formulation, has been proposed for FRAX and programmed into a special version of
the code. It is intended that this will replace the simple parametric treatment formulated for the EXPEL
code and currently incorporated in the FCI module in FRAX-2.
A generalised form of the pin temperature equations has been produced and programmed into a
test version, of FRAX. Calculations have demonstrated a decreased sensitivity of temperatures to the
number of radial nodes in the pin. A final decision on implementation of this formulation within FRAX
will be made when further assessment studies have been completed.
A completely revised set of material property data has been incorporated as standard default
values in the data preparation module.
A copy of the US disassembly code VEN'US-2 has been obtained from the United States' Department of Energy and has been satisfactorily implemented on the ICL 4-72 computer. It is being
incorporated into FRAX as an alternative to the disassembly module EXTRA.
An early objective is now to use the latest code version, FRAX-2, to assess the response of the
current reference CDFR design to Loss of Flow (LOF) amd Postulated Overpower (TOP) incidents and
to conduct a sensitivity study. A programme of work has been defined and the investigation is currently
in progress.
The FRAX code has continued to be used in the comparative accident calculations being made in
the EEC countries. A final report on the loss-of-flow exercise has been prepared and will be published
shortly. The conclusion was that, within the somewhat restricted scope of the exercise, the codes used
gave consistent results and the differences found could be qualitatively explained by modelling variations.
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An over-power (reactivity ramp) transient is also being calculated and results are currently being closely
compared. The main differences in the results appear to stem from the use of different fuel-coolant
interaction models. During the year the United States' Nuclear Regulatory Commission (NRC) has
joined in these comparative studies.

Some comparative calculations made on a typical 1200 MW(E) reactor for an over-power incident
showed that a reactor having a notional 271-fat-pin (6>74 mm o.d.) fuel design did not exhibit significantly different characteristics from those of the reference 32J-pin design.
A new computer code SARPIN has been developed to analyse the effects of the motion of fuel
within intact elastic fuel pins. Results show that, for a range of elastic constants and ramp rates, the
energy release in a transient is substantially reduced compared with accidents in which the strength of
the clad is neglected. The model is capable of being extended to include more complicated effects,
i.e. friction, plastic clad and breakage of clad.

The Significant Structures Theory (SST) for the equation of state has been used in the SAROBE
module, in the Bethe-Tait code SARCYL, to analyse the effects of changes of equation of state on
excursion yield. The comparison was made with the existing data assuming Corresponding States
theory. The results showed that the thermal energy release and excursion yield differed at most by
20 and 40% respectively, depending on the input reactivity ramp rate and Doppler constant.
Studies of equation of state data for materials of relevance to hypothetical core disruptive accidents
have continued at Harwell and the Safety and Reliability Directorate (SRD) at Risley. In SRD, the
development of models of the liquid state of UO2 has progressed along two different lines:

small proportion. Much of this gas is thought to come from spurious sources and steps are being taken
to eliminate such gas from the experiments. The possibility remains that a contribution, possibly
equal to that of the fission product gas, may be produced from the non-metal impurities in the irradiated
fuel that will contribute tofuel dispersion and accident termination.
10.4

Core structure effects in whole core accidents

One hypothetical accident postulated for CDFR is that a fuel/coolant interaction occurring in a
single sub-assembly might generate pressures sufficiently high to burst the wrapper. The resulting
disturbance of surrounding sub-assemblies could lead to reactivity effects which would cause the
incident to escalate. An investigation was carried out into the reactivity consequences of coherent subassembly movement for various positions of the incident sub-assembly and different degrees of
attenuation of motion with distance from the incident sub-assembly. It was concluded that for a
reasonable degree of radial attenuation and return damping, about 5 cm displacement (average along the
sub-assembly length) of adjacent sub-assemblies was required to add IS reactivity; whether the incident
originated in the radial breeder where reactivity is added on the initial inward movement of the core away
from the incident sub-assembly or at the core centre where reactivity is added on the elastic return swing
of displaced sub-assemblies. In practice other effects, e.g. incoherency of motion and the stabilising
effects of control rod guide tubes, should give a further benefit.
10.5

Excursion confinement

(i)

The Mean Spherical Approximation (MSA) which is a model of the liquid state based on the
interparticle interactions and the resultant liquid atomic (ionic) molecular structure. The
SST has already been developed to the point of producing thermodynamic information on
UO2 and it is expected that the MSA will be very shortly in a similar position.

The excursion COde VAlidation (COVA) experiments have continued and 80% of the test programme has been completed. Some delay was experienced because several tests indicated incomplete
detonation of the low density explosive charge which was traced to the ingress of moisture into the
submerged charge prior to firing. This has been rectified and the repeat tests are almost complete.

(ii)

It has been found likely that thermal excitation of the electrons in UO2 contributes in a
major way to the thermodynamics and heat transfer of the solid state. Work is currently
under way to analyse the electronic contribution to similar properties in the liquid state.
It appears that this work could be of considerable significance in predicting:
(a) the course of the initiating phase of a fast reactor accident:
(b) MFCI initiation;
(c) the excursion yield on disassembly.

Examination of the results of COVA and scale model tests and calculations have indicated that the
weakest part of the primary containment is likely to be the hold-down arrangement on the rotating
plug. A series of experiments has been planned to investigate various roof plug protection concepts.

At Harwell, work on the equation of state for core materials centres on the SST of liquids which
emphasises the similarity between the solid and liquid states. Recently the programme has been mainiy
concerned with the propenies of urania and urania-plutonia solutions but limited studies have also been
carried out on uranium carbide, caesium and stainless steel.
There now exists a set of thermodynamic data for urania up to its melting point which has been
recommended by a group of experts under the auspices of the IAEA. These recommended data have been
used to extrapolate the properties of urania up to and beyond the critical region. These data are available
in tables. The influence of dissociation, association and ionisation of the UO2 gaseous molecule on the
thermodynamic quantities for the system is being assessed. In addition to the properties of urania. those
for the urania-plutonia solutions are also being considered in a similar manner.
The process of gas generation in irradiated fuel during transient heating is being studied using the
VIPER pulsed reactor at Aldermaston. Small specimens of fast reactor fuel are heated to high temperatures within a few milliseconds and the pressures generated by the released gases are recorded. Substantial
pressures have been generated in all experiments. When the fuel is melted, the pressure rises rapidly and
exceeds 50% of its maximum value within the first few milliseconds. Subsequent analysis of the released
gas shows that the gas is mainly carbon monoxide and hydrogen; the fission product gases are only a

Emphasis in analysing the COVA experiments has shifted from the wave propagation code
ASTARTE to the fluid flow code SEURBNUK. This latter code, developed with ISPRA during the past
year and amongst other things extended to allow fluid compressibility, can deal with high pressure shock
waves which could previously only be treated using ASTARTE. The most serious limitation so far on
these codes is their inability to predict the detailed pressure wave shape on roof impact, although the total
pressure impulse is computed quite well. This failure to predict the detailed wave shape on the roof is
unfortunate in view of the importance of this topic. The reasons are:
(a)

partly inherent in the codes (ASTARTE tending to produce too peaky a pressure and
SEURBNL'K too smooth a pressure):

(b)

partly due to a lack of knowledge and modelling of the avitational time behaviour of fluids in
high dynamic tension and subsequent re-compression: and

(c)

partly due to inherent computational difficulties in the treatment of impact of curved fluid
surfaces.

The UK is also participating in the International Analysis of PRImary Containment Transients
(APRICOT) comparison exercise being steered by the United States' Department of Energy (formerly
ERDA). Participation in the exercise is by 10 reactor safety groups in US, UK. Germany. Japan.
Czechoslovakia and Euratom using eleven different codes. On the earlier and simpler comparison
exercise, all codes computed the transients well but the equivalent computing times varied by an order of
magnitude. The UK code ASTARTE performed quite well in this exercise. The next phase of the
exercise will include roof impact and will constitute a more difficult test.

The SEURBNUK code, which has been developed largely by Aldermaston, is now being made
operational at Risley so that it can be applied to a range of practical reactor designs and excursion
transients. Some sucessful test runs have been made on the containment loading and response code
SEURBNUK during the year but the practical reactor application work so far has been largeiy confined to a
point mass and spring structural analysis of the roof response to a variety of time varying pressure wave
shapes. The roof plug designers have also analysed the distributed roof structural response to one or two
suggested pressure waves.
A further ID computer model (MUSLIM) has been developed for the prediction of containment
loadings arising from the expansion of a partially vapourised core in a simplified reactor. Argon gas space
pressurization and slug impact loadings are computed. The code has been used for parameter variation
studies and to demonstrate the relative magnitudes of the loadings arising from different phenomena.
A third test in the series of approxiately one-twentieth scale models of CDFR primary containment
structures has been carried out recently using a low density explosive having a full scale energy equivalent
of about 2-5 GJ in a model which is more nearly representative of present CDFR design than previous
tests Only preliminary results are available but the experiment appears to have been very successful.
The 1D computer model (MODS IM) which has been developed for the study of the one-twentieth
scale CDFR model test series at Foulness has been used in the analysis of the second test in this threetest series. This work has demonstrated that the model diagrid failure which occurred on this test did
not affect the test validity, and that the timings and magnitudes of the various load cell recordings are
explicable. The model is being modified to suit the diagrid support configuration of Test 3 which is
representative of an open pool reactor design.
Development of codes for the analysis of the response of CDFR structures to loadings imposed by
superprompt excursions has continued.
ROSHOD the ID lumped mass model of the rotating shield system and its hold-down arrangements has been modified to include an elasto-plastic representation of the hold-down bolt material
properties. Calculations have been made with this model for the CDFR configuration using impulsive
loading data taken directly from model test measurements. More general studies have also been undertaken for a range of impulsive loadings to demonstrate the influence of various loading parameters on
shield response, and to indicate the degree of importance to be attached to a precise knowledge of roof
pressure-time histories.
Some modifications have been made to the CADROS solid element code modules. The two-part
exercise on code validation has continued. This involves elastic and elasto-plastic response test cases,
and comparative runs on other codes (NONSAP and EURDYN). The elastic response phase of this
study is now almost complete. The CADROS suite cannot be applied to reactor problems with
confidence until the validation exercise has been completed.
Further tests have been performed using low density explosives in simplified one-fiftieth scale
models of the prestressed concrete containment vessel. One of the tests included a polystyrene foam to
protect the sides from the direct shock wave, simulating the air gap surrounding the primary vessel in
reactor conditions. This resulted in some cracking round the circumference (as opposed to vertical
cracking on earlier tests) but the vessel did not fail catastrophically. Possible tests at one-fifteenth scale
will be deferred until details of the reactor roof design are further advanced.

10.6

Sodium boiling

There has been progress both in the development of experimental methods and in the experimental
programme. International collaboration is very active in this area of work. Within the UK there have
been experiments on water models and further studies in support of a possible large scale sodium boiling
experiment.

10.6.1

SABRE development

The main line of development has been the SABRE code. An amendment to SABRE 1 (steady state,
single phase) has produced much more reliable convergence characteristics and more plausible results
than before, mainly as a result of implementing a new evaluation of available experimental data on
cross-flow head loss through tube-bundles.
Various methods of avoiding false diffusion are currently being evaluated. There is now no
doubt that a solution to this long-standing difficulty will be found, the only problem outstanding being to
find the right compromise between reasonable accuracy and reasonable convergence. In fact, a number of
successful production runs have been made already with a prototype SABRE 1A incorporating one
method of eliminating false diffusion.
Overcoming false diffusion will make it necessary to define a suitable turbulence mode! for blockage
situations, and alternative methods are being investigated. One approach makes use of the code ROBOT
which at present models a single sub-channel in fine mesh using curvilinear co-ordinate geometry and
with a well-authenticated turbulence model. Suitable boundary conditions to represent various types of
axial or transverse flow still have to be devised, and there are some minor geometrical problems associated
with the definition of the mesh.
The transient single phase version, SABRE 2, is working and documented, though it has generally
been regarded more as a demonstration of methods which could be amalgamated with the steady state
boiling version to produce a transient boiling region.
The steady-state boiling version, SABRE 3, is making progress. A pilot version is operational but
there are some numerical problems related to upwind differencing and the rapid change of velocity at
the boiling boundary which can distort the flow and pressure fields. The problems have been solved in
one dimension but there is no obvious analogue in three dimensions.
The ultimate goal, SABRE 4, is the transient boiling version. As might be expected, severe
problems attend the development here, especially in view of the requirement to allow for reverse flow at
inlet, and the reversal over a time step of the countermotions of the flow and the boiling boundary.
However, in one dimension and with structural heat capacity neglected, a successful case has been run.
Recent developments in SABRE, mainly to facilitate analysis of the experiments in the German
Compact Sodium Boiling Loop (KNS), provide for rod bowing and for spacer grids. The rod bowing option is
being provided to study anomalies between steady state experiments carried out at low power, there
having intervened a series of tests with intensive boiling. The new option is a complete reworking of the
original bowing option, in the interests of higher accuracy and lower costs in computing. The provision
for spacer grids — the KNS experiments are equipped with a form almost identical, except in vertical
height and pitch, with PFR design - is now complete and undergoing tests. Pending validation against
experiment, the presence of the grids appears to have a most marked and favourable effect on wake
temperatures behind blockages.

10.6.2 Experiviental measurements
An unheated 11-pin test assembly (the Visual Flow Rig) has been constructed for use in conjunction
with the 11-pin heated assembly in the Low Pressure Water Modelling Rig (LPWMR). Information has
been obtained on flow patterns and wake lengths associated both with an impermeable blockage and
with a blockage containing a controlled, discrete, permeability. Within the limitations of the flow
visualisation technique, good agreement with SABRE 1 predictions has been obtained. There are
indications that with the discrete permeability close to the edge of the blockage the flow pattern is such
that the peak temperature in a heated experiment would be higher than that for an impermeable
blockage. The Visual Flow Rig is currently being modified in order to study the effect of edge gap and
wall shape upon the flow pattern. Laser Doppler Anemometry equipment is being purchased which will
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be used in these experiments in order to obtain quantitative data both tor input to SABRE development
and tc allow exact comparison with SABRE prediction of horizontal and vertical flow velocities at
discrete positions within sub-channels.
Work on the 11-pin heated section in the LPWMR with an impermeable blockage has been
delayed bv the occurrence of inadvertent leaks in the blockage but sets of single phase temperature
patterns have now been obtained, which show good agreement with SABRE predictions. Boiling runs
will be started shortly and will be followed by study of the effect ot controlled, discrete, permeabilities.
It has been demonstrated that axial velocity measurement can be obtained in the inter rod spaces
within a simulated fast reactor rod bundle using Laser Doppler Anemomerry.
Preliminary measurements have been made in a glass simulation of a sub-assembly using about
120 glass rods (diameter 5-5 mm) in a square bundle with a thin edge blockage covering 4 rows (about
one-third of the total bundle). It was found that a zone of low flow exists for at least 50 mm after the
blockage and another smaller zone is found just in front of the blockage. Work is continuing to show that
the transverse component of velocity can also be measured. The measurements will be used to evaluate
turbulence model calculations of the flow field.

10.6.3 NASLIP development
For the analysis of sodium boiling effects on whole-core transients, the NASLIP code has been the
main analytical tool. .NASLIP is a one-dimensional transient boiling code in which the flow and enthalpy
equations of the channel are linked to radial heat condition equations which model the thermal capacity
of fuel and structural materials.
Unlike SABRE 4, NASLIP takes advantages of the one-dimensional approach by solving for
pressure separately from the other variables. This is a viable approach only in one-dimension, but it
does also restrict the regimes that can be rigorously treated. Within these confines, N'ASLIP has proved
very successful and it is presently favoured as a computational tool for incorporation into whole-core
accident methodology, not only because of its comparatively straightforward hydraulics modelling, but
also because of its representation of peripheral heat sinks and flow paths. All the lessons learned in its
development will be incorporated into the SABRE 4 work.

Molten fuel/coolant interactions (MFCI)

10.7.1

Theoretical model development

The contribution of three possible fragmentation mechanisms to a propagating vapour explosion
was investigated by detailed calculation. The fragmentation mechanisms studied were:
(i)

shock velocity fragmentation;

(a)

further experimental work to find the efficiency of these fragmentation mechanisms; and

(b)

a better hydrodynamics computer code to avoid the oscillations produced behind the shock
with REXCO and similar codes.

Calculations with the VULCAN code showed that the shock from of a propagating vapour
explosion should be able to condense most of the vapour separating the hot and cold liquids.
At CEGB Berkeley \uclear Laboratories the detonation model of fuel/coolant interactions has
been developed to allow slip and thermal disequilibrium between the shock and the sonic plane.
Results suggest that the limited efficiency « !0c7c) observed in metal/water interactions is due to the
effects of vapour blanketing at the sonic plane — this is less likely to be effective in Na/UO, systems.
Experiments on fragmentation mechanisms using mercury and water have confirmed the application of
gas/liquid breakup relationships to liquid/liquid systems, and suggest that hydrodynamic fragmentation
can be effective at Weber numbers < 100.

10.7.2 THERA1IR experiments (metal/water interactions)
The programme of metal/water interaction experiments at AEE Winfrith in THERMIR has
continued the study of propagation characteristics in interactions of kilogram quantities of material.
A series of tests has also studied the influence of initial interface temperature on the mixing phase.
The propagation experiments used a trough shaped vessel of water, with metal released from an
array of nozzles above the vessel. A detonator was fired at one end of the vessel to trigger interaction. A
number of experiments with different conditions was run, but no propagating interactions were observed in
the falling metal. Such interactions have only been observed after the metal had collected on the base
of the vessel. The conclusions reached were as follows:

Equipment for the internal detection of voids in boiling sodium by the Chen probe technique
and for external detection by X-rays has now been developed. This completes this phase of the instrument
development and the work in this area has now been terminated and written up.

10.7

impact fragmentation; and
mixing from asymmetric vapour bubble collapse.

These mechanisms were shown to he each capable of producing an energetic vapour explosion
provided that they operated at a reasonable efficiency. This study showed the need for:

Studies of a possible multi-pin sodium boiling experiment have continued. A two-stage programme
has been proposed and outline design and global cost estimated for a first stage experiment involving
a 58-pin hexagonal cluster. The possibility of carrying out such an experiment in the large loop at ORNL
is being discussed with the United States.

The development of advanced design tantalum-sheathed heater pins under licence from the French
CGD has continued at SNL. Eight prototype pins have been produced and one of these has been operated
satisfactorily at the full power of 45 kW for 4 hours at a sodium outlet temperature of 1000°C. Infrared and X-ray facilities for heater pin non-destructive testing are now in routine use at AEE Winfrith.
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(n)
(in)

(i)

Propagation can only be easily triggered in a tin/water system in THERMIR if the metal has
formed a dense mixture on the base of a vessel.

(ii)

Different physical mechanisms may operate in a more dilute system.

(iii)

Spontaneously triggered interactions triggered on the base of the vessel propagate at a
velocity of order 100 m/s, and appear to coincide with a pressure pulse propagating at the
same velocity.

The mixing experiments indicate that the sub-cooling of the water is probably the major factor,
but there are no obvious phenomenological changes for a wide range of initial temperatures of metal
and water. The results were of interest in that the type of interaction observed correlated well with the
results of small drop experiments. For initial conditions in which small drops interact while falling
through water, localised weak interactions were observed as the 5 kg of tin fell through the water. For
initial conditions outside the interaction zone for small drops, the metal reached the base of the vessel,
and in some cases much stronger interactions were observed at this stage. Thus these data support
the earlier suggestion that larger interactions are more likely if the initial conditions lie outside the
temperature interaction zone for small drops.
10.7.3

Analysis of earlier aluminium/water

experiments in

THERMIR

Calculations using experimental results for the transient heat transfer from metal to water suggest
that a large part of the heat in the aluminium is transferred to the water on a millisecond time-scale

in some of the observed explosions. They showed that detonation type processes are not necessarily
involved in large-scale vapour explosions. This work shows that further experimental results are required
to assess the role of detonation processes in metal/water explosions. This is being investigated in the
current THERMIR programme.
Small scale tests at Culham Laboratory have been extended to other metals than tin in water and it
appears that the boundary on the Temperature Interaction Zone at temperatures below which interactions do not occur is determined by the interface temperature between the two materials being equal
to the homogeneous nucleation temperature of water. This has been further confirmed with experiments
with Freon 12 and water.
Experiments with high temperature materials have continued. At Harwell small quantities (~2 cc)
of sodium have been injected beneath the surface of molten steel. Explosions have occurred, scattering
metal and jn one case shattering the graphite crucible in which the metal is melted.

10.7.4 Thermite programme
The Thermite programme has the potential of being able to produce large amounts of molten fuel
in a fraction of a second to assist in a variety of MFCI experiments.
Progress has been made with Thermite charge manufacture and the development of charge
containers suitable for the improved Thermite. The first objective of reducing the gas released from
volatile impurity has been achieved and charge pressure of order 1 MPa are now consistently achieved,
compared with 3 to S MPa in earlier studies. This low pressure had led to the need for a spring loaded
release system to ensure proper release of the charge into the water or sodium in Thermite Rigs A or B.
During the year there were J4 test firings of Thermite material, two firings of charges under sodium in
commissioning Rig B, and 18 firings of charges under water in Rig A, mainly associated with charge
container development.

10.8

Fuel failure - SCARABEE analysis

The SCARABEE Agreement with CEA and KfK formally expired in September 1977 having been
extended by one year. The extension has made it possible to deal with the data much more thoroughly
and good overall progress in interpretation has been made. The results have been analysed at Harwell
using the theoretical ftiel element model FRUMP. Since the SCARABEE experiments used unirradiated
fuel their application to accident analysis is limited, but our participation has allowed us to improve our
understanding of fuel behaviour.

10.9

Post-accident heat removal and core debris control

Both internal and external core catchers are envisaged as playing a role in the containment of
core debris after a hypothetical core disruptive accident. Much of the UK work is applicable to either
situation. Specific to the external core catcher, however, is the sacrificial bed concept where the core
melts and mixes with some material of high melting point, which has the effect of diluting the volumetric
decay heating and slows down the downward progress of the molten core. Computer codes incorporating
models of this process are being developed and used, in conjunction with the designers, to estimate the
size of sacrificial bed and the capacity of any cooling systems required.
Small scale experiments with soluble waxes indicate possible growth patterns formed by the molten
fuel and sacrificial material. The chemical interactions between possible sacrificial/structural materials and
core materials are being investigated.

Furnaces are available for melting UO2 or suitably constituted "coria" in contact with other
materials. The mutual solubility and rates of solubility of UO2 and various sacrificial materials are being
studied. Preliminary studies show that UO ; appears to be soluble in basalt.
Theoretical and experimental studies are being carried out on the fate of the major fission products.
In particular, the phase in which the particular fission product locates itself is important for determining
the efficiency of the core catchers. Certain of the fission products separate out into alloys of the metallic
phase whose density is close to that of UO2.
A study has been made of the mechanisms involved in the potential formation of a pool of
boiling fuel and steel in the core and the consequences of its collapse if subjected to a pressure pulse
from a vaporisation of sodium by molten fuel. The formation of a boiling pool is dependent on the
heat transfer between the molten fuel and the steel boundary containing the pool and the rate of heat
transfer is itself very dependent on the tendency for fuel to solidify in contact with the steel.
Providing the internal heat generation in the fuel and the fuel/steel heat transfer is such that
boiling takes place, a further uncertainty is the flow regime that will exist and hence the extent of
fuel dispersal. Since the flow regime will, in part, determine the heat transfer one has two poorly
understood mechanisms which are themselves interdependent.
Preliminary experimental work has been carried out at Harwell to investigate the suitability of
materials for simulating molten fuel and steel in an attempt to resolve difficulties associated with the
formation of the pool. This has so far been confined to investigating a hydro-carbon (acenaphthene,
CjjHjfCHjJj water system and a silicon oil/water system. Micro-wave heating rates for the fluids
have been measured. Unfortunately, water couples much more efficiently than either of the two
fuel simulants. This appears to limit their use to other less satisfactory heating methods such as fine
wire immersion heaters. Some preliminary heat transfer tests have been done using the latter system.
In addition, theoretical work has included the development of computer programs to study both
aspects of the problems associated with pool boil-up ^i.e. hydrodynamics and heat transfer).
IDFASE is a program which solves numerically the one-dimensional hydrodynamic equations
for a two component, two phase pool. One component is assumed to be non-volatile (e.g. molten fuel)
with internal heat generation and heat transfer to the second component (i.e. molten steel) which boils.
Preliminary results on the dependence of void fraction on interphase slip have been obtained and
comparison of these results with those from similar programs is sought.
SLAM is a program which calculates the one dimensional progression of a temperature wave
through a finite slab of material between fixed source and sink temperatures. On melting, the steel is
removed from the slab. Extension of this program is underway to represent the deposition of a finite
amount of molten fuel on the slab.
In qualitative agreement with the work of Abramson at Argonne National Laboratory (ANL) it
is estimated that, in order for a prompt critical configuration to be caused by the forced collapse of a
boiled-up pool a pressure pulse would have to establish itself over a relatively large area of the core. For
example, if the pulse is applied at the interface between the pool and the sodium the minimum pool
radius to give prompt criticality on collapse is 70 cm. If the pressurisation occurs above the sodium
this critical radius is reduced to IS cm.
An important aspect of a programme to determine suitable materiab for use as sacrificial beds is
the experimental determination of the constitution of a fast reactor core after an hypothetical accident
in which the core materials collapse into a molten pool. Studies, at the moment, are confined to
considerations of an oxide core. The preliminary experiments at Harwell indicate that urania and stainless
steel, and urania and some of the transition element fission products (Mo, Tc, Ru, Rh, Pd) from two
immiscible liquids at temperatures only slightly above the melting temperature of urania (3120K). It has
also been found that a mixture of these fission product elements and stainless steel form a single phase
liquid which is also immiscible with liquid urania at these same temperatures. There is some mutual
solubility between these liquids.
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10.10

However much development is required to ensure that fail-safe techniques can be successfully
applied to both the hardware and software. In-depth studies have indicated that the reliability
requirements can be satisfied by using microprocessors programmed for dynamic operation,
if coupled with self-checking techniques. Further studies and some practical demonstrations
are currently being proposed.

Safety instrumentation

A method of detection of sub-assembly blockage using acoustic resonances is being investigated.
This is based on the principle that the frequencies of standing waves (fundamental of order 1 kHz) are
altered by the presence of a partial blockage. Tests on DFR during its final period of operation showed
that these resonances are clearly observable from naturally occurring flow noise and yield frequency
shifts as predicted according to the size and position of the blockage.
Subsequent water tank tests have also produced confirmation. A further series of tank tests is
being planned at AEE Winfrith to establish fundamental points on the degree of damping to assess
effects of semipermeable and irregularly shaped blockages and the effects of tube wall elasticity (this
substantially influences the effective longitudinal speed of sound).
Individual sub-assemblies in CDFR will be fitted with thermocouples and burst pin detectors.
Previously existing electronic and electromechanical techniques for carrying out protection logic were
not capable of providing adequate reliability with the very large number of sub-assemblies and their
multiplicated sensors. Two methods are under development potentially capable of providing two
disparate systems, each with the required 10"' probability of failure to operate on demand and with a
spurious operating rate of less than 10"1 per annum. These are:
(a)

A method of pulse coding semi-conductors
The pulse signals provide a continual check that the protection logic is functioning correctly.
The redundancy of the logic enables failures within the system to appear as changes in the
pulse pattern and hence permit on-line diagnosis and unit replacement. A trip is initiated
when the system output is reduced to a steady state.
Systems of this kind have beeft operating for 1^ years both on DIDO (Harwell) and
Bradwell (CEGB Station). Recently the initially passive role on DIDO of this guard-line
has been made an active part of the reactor protection. The Bradwell system is continuing
in a passive role. These systems have operated without any malfunction. A third system
has been constructed and is being commissioned in the laboratories in preparation for use
at Oldbury (CEGB Station), again initially in a passive role.

(b)

Laddie
Improvements have been made to Laddie and accompanying circuitry. Laddie provided
an early form of dynamic logic but in its implementation suffered from a need to ensure use
of slow transistors to prevent a potential fail to danger condition. Modifications and additions
to the method of winding Laddie and to the associated circuitry have overcome this restriction
and improved 'fail to safety' in several ways.
A prototype system has been operated for two years in the laboratories, another larger
system has been manufactured and is due to be installed, in DIDO.

(c)

Computer based
In addition, longer-term work is in progress to develop computer-based systems.
attractions of this approach are:

The

(i)

The sensor signals can be multiplexed and the very large numbers of hardwired
trip and logic units can be replaced by comparatively few computers operating in
a time-shared mode.

(ii)

The multiplexed signals can be transmitted, by a comparatively few paths, from
the sensors to the protection equipment (which would be either computer-based
or hardwired), and telemetry by different media are being considered.

Very large savings in cost compared with totally hardwired protective systems are possible,
through the use of (i) and/or (ii); also complex trip algorithms can be readily performed.

At Harwell, a design of microcomputer system to carry out a simple monitoring task with high
reliability has been developed using microprocessors to provide physical isolation of the programs and modular
redundancy of the hardware. A theory allowing analysis of the reliability factors of different system
configurations has been extended and has been used to derive quantitative comparisons between different
possible systems containing 500 sensor groups as a function of time for various configurations, based on
estimates for the reliability factors of typical sensors and processors. It is concluded that the configuration with inputs from a group of redundant sensors connected to separate input processors is more
reliable and for the reliability factors considered redundancy factors of S for the sensors and 3 for the
processors will be necessary to give an unreliability of less than 0-25% for a 6-month period. It is also
concluded that the maximum sensor failure rate which can be tolerated is approximately 0-1/yr.
Construction of a duplex microprocessor for use in such a system has been completed and is under
test; preliminary indications point to this having high reliability and fault detection characteristics.
This work certainly indicates the feasibility of using microprocessors in reliable computer-based
monitoring systems. Further development of synchronised multiprocessor units and of multiport
memories is planned and it is also proposed to set up a partial microprocessor system incorporating
some of these components as a test bed for system development.
10.11

Release of radioactivity and other related items

A new code, AEROSIM, has been developed which is based on an advanced theoretical model
incorporating deposition and agglomeration processes based on real physical behaviour rather than
arbitrary assumptions regarding particle size distribution. In particular, the code can accommodate a
particle size distribution which varies with time.
Theoretical investigations have been carried out in SRD on the effect of fission products released
to the atmosphere and as a result the code TIRION has been written. The code predicts the incidence of
casualties following a release as a function of population distribution, weather conditions, etc. TIRION
played a major part in the Windscale inquiry and was made available to the objectors to carry out their
own independent calculations. It has also been made available to a number of foreign countries and is
being used in a study under contract to the EEC for hypothetical studies of plume rise following the
release of activity from a fast reactor accident.
A major item of technical interest to fast reactors, among other systems, is work to study the
impact of 'hard' and 'soft' missiles typical of a crashing aircraft in order to assess the strength of secondary
containment building which will withstand such impacts.
Other topics of wide relevance are the study of seismic problems, and the possible effect on nearby
reactors of the dispersion and possible explosion of inflammable gas mixtures after a refinery or ship
accident.
11.
11.1

REACTOR PERFORMANCE STUDIES

Experimental neutronics

11.1.1 Tbe BIZET programme
Modifications to enlarge the ZEBRA reactor to accommodate assemblies up to 3-5 m diameter
were completed and the reactor achieved criticality in December 1976. It has been in intensive use since
then on the measurement of the performance of large fast reactor cores. This work is undertaken under
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the BIZET programme in collaboration with KfK. Two major core loadings have so far been studied,
described as the BZA and BZB assemblies, both of which relate to a large core of conventional design.
A third phase of the work, the BZC assembly, will relate to the study of cores of heterogeneous design
aimed at reduced sodium voiding reactivities. This will occupy ZEBRA throughout 1978.
The BZA assembly was enlarged by the addition of enriched uranium fuel to make the 4500 litre
BZB core. The additional reactivity of 4% was compensated by the insertion of boron carbide control
absorbers simulating those proposed for CDFR. The resulting assembly represented the essential
features of a commercial power reactor of conventional design. In the BZB programme a comprehensive
series of experiments aimed at validating key performance parameters of a conventional design of CDFR
has now been completed.
The interpretation of the BZB experiments will largely involve 3-D (XYZ) diffusion theory calculations. The extensive cross-section data files required to describe these large and complex assemblies have
now been created and the whole-reactor TIGAR runs for the analysis of power distributions are in
progress. Special attention is being given to the representation of the streaming in the ZEBRA platecells by means of modified diffusion coefficients derived from the WDSN code, an aspect not adequately
treated hitherto. Initial examination of experimental data shows some interesting conclusions. For
instance, in the sodium-voiding of sub-assemblies and extended pin zones, it is found that voiding the
central third of the core height gives a positive effect at all core positions. The upper third is always
negative while in the inner core, the lower third is positive, due to the part-insertion of the control rods.
Studies of heterogeneous cores will form the third (BZC) phase of the BIZET programme. Single
and double annular, island, and cartwheel designs, suitable for loading on to the ZEBRA lattice and
within the available fuel inventory have been examined, but the general philosophy at this stage is to
study the new physics features introduced by these concepts. Mock-up of a particular design will follow
at a later stage of the overall ZEBRA programme. Detailed proposals for the first BZC loading are now
being formulated.
11.1.2

Integral data studies

The measurements made in ZEBRA Core 14, with the aim of testing predictions of beta-decay
energy release from 2 "Pu and 235U fission products, have been completed and analysed. The technique
consisted of catching on Mylar foils the fragments emitted from thin fissile deposits during a 105 second
irradiation at the ZEBRA core centre. The energy from beta particles (together with conversion electrons,
X-rays and an unwanted gamma-ray component, subsequently subtracted) was measured by the digitised
current output of a plastic scintillator/photo-multiplier system, calibrated using a standardised ">Sr-'°Y
source. The fission rates during the irradiation were determined using the calibrated parallel-plate
chambers. Results are available for decay times in the range 15 to 3 x 10' seconds.

11.2

Measurements and evaluations of nuclear data

Techniques are being developed at Harwell for gamma-counting of fissile material with little or no
chemical separation, so that all fission products with suitable gamma-rays are measured simultaneously.
In test irradiations in which only about 10" fissions were generated in the target material, up to 120
gamma-ray peaks belonging to 30 fission products from the total gamma-ray spectrum of the untreated
target were successfully identified and satisfactory decay curves were obtained from the majority of them.
New absolute fission yields of " M o and other nuclides from u ' P u fissions have been measured and
published.
The collected fission product yields have been reassessed and listed as chain or cumulative yields and
independent yields. The resultant collection has been published in "Atomic Data and Nuclear Data
Tables". This includes the simultaneous fitting of the experimental results to the conservation of total
nucieons, to the totalling of the chain yields to 200% and to a loose fitting of the proton balance, the odd/

even proton effect being included. This collection has been translated into ENDF/B-IV format and
included in the UKAEA Nuclear Data File. Examination at Winfrith has pointed to the need for close
fitting of the proton balance; this has been started. Further, to improve the proton balance fitting and
simultaneously imply the summation of heavy and light fission products to 100%, the equality of
complementary elements will be added to the constraints.
The UK Chemical Nuclear Data File now contains the merged CEGB/US fission product decay
data, the fission yield data described above and the alpha-decay data also evaluated at Harwell. The
CASCADE computer code for analysis of evaluated decay scheme data is now working and attention is
now concentrated on making its input and output routines suitable for easy use.
The new 136 MeV accelerator should be in operation by the end of 1978. During the past year,
the main work of the staff associated with the facility has been to analyse data taken with the old machine
but as the time for commissioning the new machine comes closer increasing emphasis is being placed
on the design and commissioning of experimental facilities associated with the new accelerator.
A major activity has been the analysis of capture cross-section measurements on iron, nickel,
chromium and the separated isotopes of titanium made with the old linear accelerator. With the aid of
neutron transmission measurements made on the synchrocyclotron, resonance parameters have been
obtained for the principal resonances in iron and nickel up to 50 keV and for all well known (and some
new) resonances in titanium up to 26 keV. Average capture cross-sections for iron, nickel and chromium
have been measured up to 800 keV but some difficulty is being experienced at the higher energies in
calculating the self-shielding and multiple scattering cross-sections required to obtain the true crosssections. Some differences with previous measurements are already apparent in the resonance region.
For example, the measured radiation width of the large s-wave resonance in "Fe at 27-7 keV is found to
be 0-90 + 0'15 eV while the latest value from the Oak Ridge/Lucas Heights collaboration is 1-6 + 0-3 eV.
A programme of measurements of the fission cross-sections of 239Pu, a 5 U and 2 "U in the energy
range 100 keV to several MeV is being undertaken on the synchrocyclotron. So far, cross-section ratios
have been measured but absolute determinations are planned.
A programme to measure the neutron yields from (a,n) reactions using the Tandem accelerator
has been started. An independent measurement of the neutron yield from a 12 g 241AmO2 sample,
obtained for cross-section measurements, has shown the importance of impurities; half the neutron
yield from the sample was due to a small amount of fluorine. Tests have shown that the presence of this
and other light element impurities can be determined by observing the characteristic gamma-rays which
follow (a.n) reactions. A Ge-Li detector will therefore be used in the Tandem experiment for quality
control on the targets. The results of the measurements on the '"AmO; give the neutron production rate
as (2-78 + 0-41) x 10' n per second per gram of '"Am which is consistent with theoretical predictions
of 2>0 x 103 n/s.g.
The programme of work to study the Doppler broadening effects in heated UO2 has continued.
Recent work has been concentrated on the analysis of the experimental data to obtain both the temperature dependence of average neutron transmissions and resonance parameters. The ratio of the average
transmission at 293 K to that at 1093 K has been obtained in the energy range, 10 eV-200 keV, for
depleted UO, samples of nominal thickness, 1,4 and 6 cm. The transmission ratio, 293 K to 1730 K, has
been obtained covering the same energy range for 1,2,4 and 6 cm samples. These results have been
corrected for systematic background errors (using 'black resonances' in 23!U) and for sample expansion
(using the variation in the off-resonance transmission).
The transmission ratios show little dependence on temperature up to about 200 eV, and above
80 keV, and at all energies for the 1 cm samples. For the thicker samples the ratios rise to a broad
maximum in the range 1 -10 keV, with peak values occurring in the 2-4 keV region. The largest deviation
is obtained for the 6 cm samples at 1730 K between 3 and 4 keV where a ratio of 1-21 + 0-02 is
obtained. A secondary maximum is seen in the 8-9 keV region. The shape of the transmission ratios is in
good general agreement with earlier results obtained for uranium metal at 293 K and 1073 K. A
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detailed comparison is difficult because the previous data are uncorrected for thermal expansion, and
the averaging is over different energy ranges.
Resonance parameter analysis is being carried out for the cold sample transmissions in conjunction
with other thin-sample transmission measurements, using the REFIT program. Neutron widths have
been obtained for twelve resonances up to 116 eV, and gamma widths for four resonances. The analysis
is being extended to higher energies. The hot-sample transmission data for four resonances (20, 66,
80 and 89 eV) have been analysed using the same code to yield the sample effective temperature. The
preliminary results are in reasonable agreement with the temperature .readings obtained with a
pyrometer.
The UK request lists for nuclear data measurement and evaluation requirements for the reactor
programme have been reviewed and revised. The majority cf the requests relate to fast reactor needs.
A meeting was held with French and German representatives and a joint request list for priority 1 items
was produced. This was submitted to the NEACRP with the aim of formulating an internationally
agreed priority 1 request list to provide a well-defined basis for planning collaboration on nuclear data
measurement and evaluation.
The 2240-group FLG* set and the 37-group FD5 set derived from it continue to provide the data
for reactor neutronics calculations. These data are under continual review and extensions and small
corrections are being made.
A new UKNDL file for cobalt has been derived from the ENDF/B evaluation. The code SIGAR was
used to generate tabular cross-sections from ENDF/B resonance parameters. Data for cobalt in 2240
energy groups have now been added to the fine-group library. This enables resonance shielding effects(which are important in the calculation of the activity of stellite pads) to be treated.
A separate library of activation cross-sections in 37 energy groups has been set up. It contains data
for primary reactions, including (n.y), (n,f), (n,p), (n,a) and (n,2n), and also displacement crosssections. A code called REFORM has been written to convert data from one group structure to another
and this has been used to convert the RSIC 100-group aaivation library to 37 groups and the data have
been added to the aaivation cross-section library. REFORM has been used to convert ENDF/B-IV
NRT-model atomic displacement cross-seaions in the SAND-2 group structure to 37 groups. These have
been agreed as the standard cross-seaions for the calculation of displacement rates. The alterations to be
made to the neutron-induced voidage swelling rules for use with these displacement cross-seaions have
also been derived.
In order to improve the methods for treating resonance shielding, codes have been developed to
derive sub-group data from different primary sources (in particular, from a UKNDL file and a fine
group library file). Work is continuing on the subgroup method of treating resonance shielding.
Data for 232Th and 2 "U are being generated for studies of alternative fuel cycles. Further work
is required to derive data for other isotopes of significance in these studies.
Approximate values of the cross-section of the "Ni (n,a) reaaion have been derived to enable
the production of helium in struaural materials by the two-stage reaaion, "Ni (n,y) "Ni (n,a), to be
estimated.

Work continues to incorporate the latest evaluation into the data libraries used with inventory
codes which calculate the arisings of fission produas, aainides and aaivation produtts. These codes are
used for calculations of decay heat, higher aainide build-up, and of aoivities and neutron sources for fuel
transport and reprocessing. For fission produas the currently recommended data are those already
mentioned — the recently published evaluation of fission yields and the decay data in the UK Chemical
Nuclear Data File.
The inventory code FISPIN-4 has been modified to read the recommended data in the ENDF/B-IV
format, and a number of calculations has been made with these new data and also, for purposes of
comparison, with an earlier Harwell set of fission yields and with the ENDF/B-IV data alone. Calculations on beta heating after fission of M! U and M 'Pu have shown good agreement with the recent easurements at Winfrith already mentioned. Extensive calculations have been made for comparison with other
measurements of decay heat (beta, gamma and total) and of gamma spectra.

11.3

Neutronics methods development

11.3.1 Modular code scheme
Work has continued on the COSMOS modular code scheme. The number of codes included has
been increased and the documents describing their use have been improved. The completion of this
scheme has been delayed by the need to convert existing codes to the new ICL 2980 computer now
operating at Risley; neverthless it is expetted that the majority of fast reaaor neutronics calculations
in the UK will be carried out using COSMOS by the end of 1978.
11.3.2

Evaluation of methods and physics studies

Recommended methods for calculating PFR and CDFR Doppler effeas, and the uncertainties tn
these methods has been defined. Extensive studies were made of the approximations in the methods,
including the problems of extrapolating to high temperatures and to burn-up conditions.
Studies are being made of sodium void calculations to define recommended methods and associated
accuracies for PFR and CDFR, building on the analysis of the ZEBRA measurements and the studies
carried out during the course of that work. A number of effects such as fuel temperature and burn-up have
been examined.
A study on the effeas on reaaion rate distributions of approximations in the methods for uniform
reaaor zones (mesh effeas and diffusion theory) has been completed and the work is currently being
xtended to examine reaaion rate distributions through and near control rods.
A study has been made of streaming effeas in the plate geometry used in ZEBRA. A number of
different methods have been compared and the WDSN-ST code has been developed to represent the
angular flux distribution needed to treat this effect. It is found that the leakage component of the sodium
void effea measured in plate geometry is increased by 20% by streaming effeas. Further studies and
code developments are in progress to treat the pin and sub-assembly geometry effeas.

Fission produa nuclear data requirements and the status of the data were reviewed in papers
presented to the IAEA Meeting on Fission Produa Nuclear Data held at Petten in September 1977.
Integral reactivity and aaivation measurements made in low power critical assemblies have resulted in a
substantial improvement in the accuracy of prediaion of fission produa reaaivity effeas (+ 10%).
However, further work is required to study the effea of fission produas on sodium void reaaivities.

used.

One-group cross-seaions for the calculation of material aaivation and heat release using
FISPIN have been derived for different regions of the PFR. Thesecross-seaions have been adjusted to
take account of reaaion-rate-ratio measurements made in ZEBRA.

The various separate versions of the fine-group data processing code MURAL have been combined
to form one version which can treat a number of different types of cell. The anisotropic leakage and
scattering cell treatments have been commissioned. New manuals have been produced.

The DOT transport theory code has been improved and extended to allow the SN order to be a
function of energy group.
The WDSN-ST code has been modified to allow general sets of angular ordinates and weights to be

Three new COSMOS modules have been completed and tested for use in an improved procedure
for calculating the bowing of PFR sub-assemblies. These modules allow reactor re-ioads to be followed,
the storage of sub-assembly damage and temperature histories, and the calculation of sub-assembly
interactions.
The COSMOS Workshop scheme, TASKCFRA, is coming into wider use. It has been used, in
particular, for an assessment of a treble-annular CDFR design. The work was used as part of a programme
of testing the applicability of the scheme for design work. The work involved the use of 9 modules of the
scheme. A number of difficulties arose mainly related to the size of the problem. They were overcome
when new modules were introduced. A number of improvements to TASKCFRA have been suggested
and some are being implemented. Overall, the scheme is now considered to be suitable for design work
with advantages in rationalisation of methods and data.
A study has been made of possible developments to the COSMOS scheme over the next few
years. There is a major interest in the inclusion of the stand-alone codes used primarily by designers.
An improvement that is already in hand is a code that prepares input data in a form suitable for physics
codes from data supplied in a format suited to assembly by design offices.
A code, MARGIN, has been written which takes input data in the MARC code format and converts
it for use in the COSMOS scheme. At present, the code is only available in RZ geometry.
The three-dimensional diffusion code, SNAP, has been developed further, especially with respect
to its options for solving source problems. The code has been linked, through COSMOS to the fast
reactor data base, making the source options available in COSMOS. It has been used in studies of subcritical monitoring of ZEBRA and is being used as part of the PFR gamma-heating route.
The definition and implementation of system-independent computing techniques are mainly
undertaken at Risley. So-called filer-independent calls are recommended for file handling. Studies
are also in progress of sequencing methods which will have application in other fields, such as wholecore accident codes.
A reference version of the FISPIN code for calculating inventories after irradiations has been
defined for use on the Risley and Harwell computers, and a different version of the code has been made
available at Winfrith. In addition, a set of reference cases has been defined for testing the code after
changes have been made to it. A number of new facilities have been made available. These include the
ability to add extra nuclides (particularly tritium) to the fission produa libraries and additional output
including output on magnetic tape.
A review has been made of the criteria which control the mathematical operation of the FISPIN
code, and recommendations are given based on these. This review will be included in the forthcoming
report on the code.
11.4

Performance calculations for CDFR

Performance and economic studies continue covering a wide range of aspects of the introduction
of fast reactors into the UK power generation programme. These calculations are often of an exploratory
nature and do not relate to any particular change in the reference reactor. For example, one way to
reduce U-Pu fuel reprocessing and fabrication and thereby, possible, environmental hazards misht be
to extend the lifetime of the fuel in the fast reactor and hence the burn-up, but this could not be achieved
without some penalty. An investigation has been carried out to assess the effect of a high burn-up on
fast reactor inventory and breeding gain. It was found that increased burn-up affects the in-pile and
out-of-pile inventories in opposing ways leading to a minimum total inventory at 15 -20% maximum
burn-up with the customary ground rules. The doubling time becomes incompatible with the requirements of an expanding systen beyond 30% burn-up. Beyond 43% it becomes negative, so that the
system can no longer sustain itself at equilibrium.

A computer code, RISKAN, has been developed to estimate with a high degree of precision and
with a reasonable amount of computing time, the uncertainties in reactor stratesry benefits which would
arise from uncertainties in factors affecting expenditure (i.e. cost data) and affecting the installed capacity
(e.g. reactor parameters, policy decisions on timing and rate of introduction). RISKAN works by carrying
out a large number of system benefit calculations (of the order of 10,000 depending on complexity) for
a pair of alternative strategies, each calculation incorporating perturbations in some or all of a set of
items of input data from freely specified frequency distributions. The set (order 10,000) of results is
then processed to determine the frequency distribution of cost benefit. The code has been used to
determine a range of the economic benefits of introducing the fast reactor together with the associated
probability levels. The most damaging factor on nominal economic benefit was noted to be the CDFR
introduction date.
A survey of fast reactor fuel parameters has been made, using the FROVE code, to check if
there was any change in "best" fuel parameters for a range of parameters normally kept fixed in UK
surveys, but which are allowed to vary in US studies. The work was intended to show how the optimum
choice of pellet diameter is affected by
(a)

can-thickness to pellet-diameter ratio;

(b)

low sub-assembly pressure drop;

(c)

low linear rating with high fuel density;

(d)

core height;

(e)

axial breeder height;

(f)

reduction in both coolant inlet and outlet temperature to allow a saturated steam cycle to
be used.

The results show that, with oxide fuel of 80% theoretical density, 50 W/mm linear rating, core
burn-up of 10%, and irrespective of can-thickness to pellet-diameter ratio, minimum costs are achieved
with fuel diameters lying between 6 and 7 mm and about 6 mm for (b) and (c) above. Minimum
uranium requirements occur at 6 mm fuel diameter for all values of (a), (b) and (c). The -variants (d) and
(e) show a small economic advantage in favour of small fuel diameters with short core and large fuel
diameter with longer cores. For variant (f), with the 6 mm fuel diameter and standard can thickness
(0-38 mm), a 5-56% reduction in capital costs would be required to offset the reduction in steam cycle
efficiency; with the reduced can thickness (O>25 mm) a 2-35% reduction would be required. The
effect of variant (f) on uranium consumption would be a 15% increase with the standard can thickness
and a 7% increase for the reduced can thickness.
Studies have continued on designs of cores with low sodium-voiding reactivity. In these designs,
the motivation has been to enhance the role of the leakage term in the reactivity change due to sodium
voiding. The configurations studied included arrangements with radial spokes of breeder ("cart wheels");
single, double and multiple annular cores; cores with small islands of breeders ("pepper and salt");
pancake cores; cores with stepped fuel heights.
The detailed results show that the increased leakage of the low-void-reactiviry designs results
in the use of higher enrichments which leads to reduced Doppler coefficients. On the other hand, the
extra leakage is absorbed in breeder regions, and the high enrichments give harder spectra with increased
yield of neutrons per fission. Consequently the breeding is improved and partially offsets the unfavourable effect on doubling time of the increase in plutonium inventory incurred by the higher enrichments.
The use of internal breeders increases the fraction of the power from the breeder. This effect
keeps down the inventory, but the accompanying power variations with irradiation of the internal
breeders makes the reactor more awkward to operate. In those designs with thin internal breeder layers,
the plutonium produced in them tends to offset the reactivity loss caused by burn-up of the plutonium
in the fuel. Consequently less control rod investment is needed to overcome reactivity loss over a burn-up
cycle.
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The improved sodium-voiding characteristics of the reactor cores with internal breeders is
offset to some degree by the reduced Doppler effect. The net effect on safety can only be gauged accurately
by carrying out calculations on uncontrolled reactivity excursions. Although the deterioration in the
Doppler effect incurred by the use of higher enrichments can be compensated by the use of moderating
materials, such as zirconium hydride in the fuel, the economic penalties are large.
Work has continued through the year on methods of monitoring the sub-criticaliry of the CDFR.
Three methods have been considered — oscillating rod, natural neutron source, and artificial neutron
source, using three monitors disposed symmetrically around the core in the shield rods. Sub-critical
monitoring can be used to detect maloperations (misloading fuel; unintended removal of control rods,
etc.) as well as providing a warning of too high kgff The recent work has dealt with both aspects. The
oscillating rod gives results that are independent of neutron source strength and disposition and monitor
disposition, but the system is complex. The natural source method has the advantage of simplicity but
is very dependent on neutron source strength and distribution and monitor disposition. The artificial
source method is less dependent on neutron source strength and disposition but the artificial sources
are a complication. Both source methods are affected by monitor failure; the oscillating rod method is
not.

11.5 Energy deposition and shielding
The programme on energy-deposition and shielding is now at the validation phase: a set of
methods exists for current design studies based on the two-tier scheme of diffusion and Monte Carlo
codes. Whilst there will be a continuing need for maintenance and development of both codes and
methods, most effort during the year will be on the assessment of multigroup data sets. Integral
measurements made in PFR will be important in these validation studies.
Techniques have now been developed for prediction of the uncertainties in shield performance due
to uncertainties in nuclear data as a function of energy. The method uses the ANISN and SWANLAKE
codes. Studies of the secondary sodium activation in a notional CDFR, for example, have shown that
improvements of a factor of three are required to achieve the target accuracy if significant correlations
exist between the cross-sections at different energies in the multigroup data.
The Mk III version of the McBEND Monte Carlo code has now been implemented with an
improved tracking routine giving about 30% increase in speed. Facilities have also been included to
enable the angular variation of the importance to be specified by the user.
The integral measurements from PFR include scans with a wide range of resonance and threshold
detectors up the central thimble, with thermal, epithermal and some fast-neutron flux scans in the other
more remote thimbles. The successful use of niobium, as a possible damage monitor, is an interesting
feature of this work. The experiments have provided sufficient data for an evaluation of multiple-foil
unfolding techniques to determine spectra in regions outside the core such as the diagrid and above-core
steel-work.
Damage calculations have been made for the diagrid using the code GEEREM which was
developed for three-dimensional calculations of the damage pattern. There have also been improvements
of the SCOREM and SNAP codes and evaluation of the spherical harmonics method. A study of finite
element methods for shielding and core physics calculations using transport theory has been undertaken
in collaboration with Queen Mary College.
A combination of the finite element method (for spatial variables) and the spherical harmonics
method (for angular variables) has been shown for one-dimensional problems to be very efficient, quick,
and at least as accurate as the best alternative technique in use for a given type of problem. Consequently
the method is also widely applicable to problems in shields, homogeneous cores and lattice cells. For
cell problems the method is faster than discrete ordinate. collision probability and spherical harmonics

methods using difference techniques. Recent trials on two-dimensional problems are encouraging. One merit of
the present technique is elimination of the instability often encountered with discrete ordinate methods
(SN) and with finite elements in which the angular variables are treated in a discrete fashion.

11.6

Engineering analysis

The UKAEA have adopted a unified approach to finite element method (FEM) program development, code-named UNCLE, and a number of engineering codes are operational within the system. These
include:
FAUN

— Elastic 3-D analysis with a selection of element types designed for convenient representation of engineering components such as pipes, plates, beams, etc.

CAUSE

- Elastic 3-D analysis of continua. The code can cope with complex and untypical
geometries. Currently being commissioned to cover plasticity and creep.

TINCAN - Elastic analysis of axi-symmetrical shell structures.
plasticity and creep options.
TAU

Planned to extend to include

- 3-D heat diffusion code covering a-wide range of boundary conditions.

Pilot studies of low-Reynolds-number flows by the FEM have been made by an adaptation of
FAUN (based on stream function and vorticity considerations) and the development of AQUA (using
pressure and velocity as primary variables). These codes have demonstrated the feasibility of modelling
such flows but also show that significant effort would be necessary to produce codes applicable to a wide
range of more real situations.
A calculation procedure has been provided which enables bow and dilation of all sub-assemblies
in the core and breeder of PFR to be determined. This facility, the BOW Task, consists of a number of
linked codes within COSMOS. The computer code ABSROD for determining temperature distributions
in absorber rods and guide tubes has been developed to made it suitable for application to PFR and for
incorporation in the BOW Task. The code PRESSX is for determining sub-assembly distributions based
on measured data and is required for dilation calculations. It has been written and incorporated in the
BOW Task. The code WRAPRT which calculates wrapper temperatures has been made more flexible to
cope with various sub-assembly designs. The code NIVBOW which performs the bowing calculations has
been developed and can now cater for a sub-assembly in which both cross-section and material may
change over the length.
The code DILATE was developed specifically for analysis of sub-assembly interactions in the PFR
core. It is able to follow sub-assembly distortions, to pick-up initial points of contact between subassemblies, and to determine magnitudes of forces which develop with further irradiation.
Equations have been specified for a time-dependent solution of the bowing of fuel pins in which
significant effects are from neutron-induced voidage, irradiation creep, and thermal expansion. These
equations are due for programming in 1978. This code when programmed (TRIAMBIC) will supersede
the current code (IAMBIC) in which neutron-induced vcidage effects are accounted for by means of a
pseudo-thermal expansion coefficient.
During the year a few improvements have been made to the PFR natural circulation code TRUDI,
in particular equations representing pump run down. The effect of allowing secondary pumps to continue
running following primary pump and reactor trip has been analysed to see if this can yield complete test
data on natural circulation behaviour of PFR.
The CEGB have carried out some water-modelling tests relevant to the primary pool of a fast
reactor to investigate a criterion for buoyancy influence on transient flows. Observation of the flow
pattern was achieved by flow visualisation or, for more quantitative results, by introducing brine at a
different temperature from that of the pure water. In this latter case, the transient temperature field was
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monitored with an array of fast-response thermocouples. On the basis of this work it is concluded that the
buoyancy influence can be described by an overall Richardson number and that typical reactor postHrip
flows will be buoyancy-influenced.
The intermediate heat exchangers of both PFR and CDFR are subjected to severe thermal shocks
following certain plant trip incidents. In order to assess the endurance of the structures, metal temperature
histories must be known in some detail, particularly in the regions of the tubeplates where the shell-side
sodium is flowing radially across the tube bundle. The 2-D transient computer code 1ETA has been
developed to predict sodium and metal temperature histories throughout the tube bundle, tubeplates and
shells. Some validation work against data obtained from PFR trips has been possible and the comparison
obtained is encouraging. The code has been used to assess the thermal behaviour of the current CDFR
intermediate heat exchanger design during the five most common reactor faults.
In the creep context, pipework tends to differ from pressure vessels as a result of the greater elastic
follow-up potential from thermal effects in pipes. This has led to particular consideration of alternatives to
the ASME classification of expansion stresses in which a subjective judgement determines whether such
stresses should be considered as primary or secondary. A method of analysis has been developed in conjunction with Strathclyde University in which creep strains accruing during the life of the pipe-work are
assessed, taking into account follow-up effects.
The CEGB has developed some simplified methods of design assessment based on reference stress
techniques to analyse structures subjected to arbitrary cyclic loading in which elastic/plastic/creep
deformations can occur. The techniques are applicable provided the loading lies within a modified shakedown limit and require calculations no more complicated than those currently applied below the creep
range. Beyond the modified shakedown limit, some simplification in design methods is still possible but
the burden of proving a design rests with full inelastic computer analysis. However, a study of some
typical situations has indicated that the extent to which this allows design outside the modified shakedown
limit is restricted as failure due to creep/fatigue and ratcheting can soon intervene.

11.7

Control and dynamics

During the year specific progress has been made on the JC3ARK plant simulation model, as
follows :(a)

A new JCBARK sub-routine has been implemented for providing approximate initial estimates of the steady state for all three possible boiler configurations: once-through, partial
recirculating and full recirculating designs.

(b)

There has been continued development of a steady-state CDFR boiler design programme
based on JCBARK modules.

(c)

JCBARK sub-routines which model the reactor, intermediate heat exchanger and a oncethrough boiler system have been coupled together with appropriate simulations for pumps
and pipework. Tests on the model involving primary sodium, turbine control valve and
feedpump trips indicate its satisfactory operation dynamically.

(d)

An axial diffusion model for neutron kinetics, which preserves a high order of accuracy even
with coarse spatial mesh steps, has been completed as a working JCBARK sub-routine. The
numerical method is tailored to be immune from the cusping problems normally associated
with discontinuities in neutron cross-sections at control rod tips, etc.

(e)

Fast algorithms for calculating heat transfer coefficients and friction factors for water over
wide-ranging sub-critical pressures have been developed, and used to update the existing
JCBARK packages.

(f)

Successful implementation of a simple reheater module has completed a dynamic JCBARK
whole-plant symmetric model for steam raising.

Work is proceeding on the formulation of a Mark II steam drum model which is soundly based on
experimental results. The greatest difficulty and purpose of the Mark II model has been accounting for the
condensation of steam-space steam by entrainment due to the imperfect cyclone and feedwater injection
systems. The development of a dynamic steam turbine model is also in hand, and it is based on an extension of an original blade-by-bhde 5teady-state CEGB simulation. This will be used to provide benchmarks for results obtained with the simpler lumped PFR model, particularly under turbine run-up
conditions.
Kinetics studies of the reactor itself have in general focussed on the following topics:
(i)

the sensitivity of kinetics predictions to data and modelling,

(ii)

estimates of some effects on CDFR kinetics in going to low void coefficient designs,

(iii)

kinetics calculations on the restrained core CDFR design- including the development of
improved models and methods.

The data sensitivity studies have shown that for most fault conditions giving rise to transients
followed by successful trip action, current uncertainties in the important data do not appreciably worsen
the margins to failure. For the more extreme refuelling faults, the margins may not be adequate and
changes to operational procedure* may be necessary. Studies on low-void cores have shown that these
designs suffer little disadvantage relative to the reference core design although again some changes to
operational procedures may be necessary depending on detailed design considerations. Calculations on
the restrained core have shown that sub-assembly bowing can significantly modify the kinetics performance over certain ranges of power-to-flow ratio.
Modifications have been made to the kinetics code FUTURE so that it will be more suitable for
calculations on restrained cores. The code can now accept temperature-dependent bowing coefficients
and the effect on the wrapper temperature of bypass sodium flow in the inter-wrapper gaps is now calculated. The new version of the code called FUTURE-3, is an order of magnitude faster than the earlier
version. A new code is being written to link FUTURE-3 to the code CRAMP (which is used for calculating sub-assembly deflections) to achieve a better iteration between wrapper temperatures, sub-assembly
deflections and reactivity feedback for restrained cores.

11.8

Nucleonic instrumentation

The feasibility of monitoring neutron flux in variants of the CDFR design has been kept under
review. Some of the variants, in particular the double-annular core, could present formidable instrumentation and mechanical problems whereas the 'salt and pepper' configuration ought to be not much
more difficult to instrument than the current reference design. For the time being, the neutron flux
development programme is based on the use of a restrained homogeneous core in which fuel storage
effects are assumed to be small.
The study of the physics of ionisation chamber behaviour in the Campbell mode has been continued
to understand fully the limiting mechanisms and parameters. A necessary next step is the measurement of
neutron flux noise spectra, particularly in PFR, to determine whether difficulties with Campbell-regime
operation are likely to arise in large fast reactors.
The theoretical study of electron drift velocities in selected rare gas mixtures, which are the preferred filling for the low power detectors, is yielding interesting but as yet not fully conclusive results.
Some progress has been made on high temperature seal development. New design criteria have
been formulated and some seals have been made successfully with skirts of stainless steel.
To gain operational experience of new circuit configurations, developed with the CDFR excess
flux shut-down channels in mind, eight shut-down amplifiers have been supplied to Windscale AGR to
replace obsolete thermionic valve instruments.

A sensitive gamma-tolerant proportional counter is also, being developed. This is a fall-back item in
relation to the installed low power neutron flux channels but is likely to be more relevant to subcritical reactivity measurement. To use such a detector, a flexible gamma-resistant superscreened coaxial
cable is required. The properties of possible dielectrics are being investigated.
Reactivity anomaly detection is also being studied for CDFR. Operational safety will be enhanced
if net reactivity is continuously compared with the value of reactivity predicted from known plant conditions and control manoeuvres. In principle, this is feasible and the study is concerned with development
of methods and associated electronic and data processing techniques necessary to implement a practical
reactivity anomaly detection system. Initially the programme will consist of an examination of possible
methods and with the formulation of an outline specification and the design of a prototype geared to a
demonstration in PFR.

environmental and ecological aspects, physical protection and
safeguarding of fuel cycle, fuel cycle centers and administrative
and legal problems.
In summary the lines along which the italian fast reactors
programme has been developing during 197 7 are:
a)
b)
c)

PEC reactor
Superphenix reactor
LONG TERM R&D work

The budget in 1977 arrived to 41.2 billions Lire from the
20.2 billions spent in 1976.
PEC Reactor
The Reactor Core
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F. PIERANTONI
CNEN Fast Reactor Programme,
Bologna,
Italy
INTRODUCTION
During the last year in Italy we still paid a lot of attention
to the debate on energy problems. The most important results
of these discussions are the statement made by the Parliament
in November 1977 and the National Energy Plan approved by the
Interministerial Economic Planning Committee (CIPE) in February,
1978. In both documents it is reconfirmed the decision to make
recourse in the short term to LWR and to reinforce the engagement in the fast reactor development in the frame of the colla
boration with France. Particularly is has been decided to go ~
ahead with the construction of PEC reactor and with the
italian participation to the construction of Creys-Malville
power station.
Italy participates in INFCE Programme with representatives
in the eight different Working Groups. In particular Italy
has, together with Belgium and Soviet Union, the chairmanship
of the INFCE-WG5, dealing with Fast Reactors. In the frame
of this group Italy hag the responsibility to collect
and
organize contributionsidifferent countries in the field of

Design of the core elements (fuel, shielding, reflector subassemblies and control rods) as well as the analysis of the
core as a system, is being conducted at the CNEN. Trje "Progetto Particolareggiato" of the core was completed in July
1977. Progetto Particolareggiato is meaning a Detailed Design
to be used for partial licensing. For the manufacturing of the
fuel elements (mixed oxides), which are to be supplied by
the CNEN, a contract is being drawn up with COGEMA, and the
necessary steps for plutonium acquisistion have been started.
Reacto"r Tank and Internals
The contract for the reactor tank and tank-related components (fixed and rotating plugs and core-support grid) has been
worked out with BREDA TERMOMECCANICA. Supply of the materials
has already begun.
The semifinished parts of the tank have been supplied; the
large forged parts (upper section and grid-support ring) are being
machined as well as the tank walls and lower parts.
The constructive design of shielding plugs is nearly compl^
eted, and the forgings, the bearings and the shielding materials
are being delivered.
The constructive design of the grid is complete and the
supply of the plates is underway.
As far as the central experimental zone equipment is cone
erned the order is being finalized. FIAT-TTG is to deliver a series of models and prototypes for the channel, which serve for
conducting the experimental support program.
The core hold-down system (DBN) components have been ordered from FIAT, together wich a DBN prototype for sodium testing
to be used in the IPM rig. Work on prototype is 80% completed,
and delivery is set for May 1978; for the DBN to be installed
in the reactor FIAT is presently developing the final design.
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