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1.

BACKGROUND TO THE 1980 REVIEW

Towards the end o f 1979 the Government announced a new programme of thermal reactor
stations to be built over ten years (totalling 15GW), in addition to the tw o AGR stations at Torness and
Heysham 'B' which had been approved by the previous Government. The first station of the new
programme w ill be based on a Westinghouse PWR, subject to safety clearance and the outcome of a
public inquiry, and it is envisaged that the remaining stations of the programme would be split between
PWRs and AGRs.
The AEA Chairman wrote formally to the Secretary of State for Energy in December 1979,
putting forward on behalf of the Electricity Supply Authorities, NNC, BNFL and the AEA a recommended
strategy for building the Commercial Demonstration Fast Reactor (CDFR), subject to normal licensing
procedure and to public inquiry, so as to ensure that the key options for introducing commercial fast
reactors, when required, should remain open. A Government statement is expected during the next few
months.
M eanwhile the level of effort on fast reactor research and development in the UK has been
maintained, the fast reactor remaining the largest of the UKAEA's reactor development projects w ith
expenditure totalling somewhat over £8 0 M per annum.
The main feature o f the UK fast reactor programme has continued to be the operation of PFR
(Sections 2 and 7) which is yielding a wealth of experience and of information relevant to the design of
commercial fast reactors. Bum-up o f standard driver fuel has reached 6-7% by heavy atoms, while
specially enriched lead fuel pins have reached 11 % w ithout failure. An extensive programme of w ork in
the reactor and its associated steam plant was completed in March 1980 and the reactor then started
its fifth power run. The fuel reprocessing plant at DNE is being commissioned and has reprocessed
some o f the spent fuel remaining from the DFR. It w ill start soon on reprocessing fuel discharged from
the PFR.
During the year improvements to the design of the future Commercial Fast Reactor (CFR) have
concentrated on reducing the capital cost and im proving the intrinsic safety of the reactor. Particular
attention is being paid to achieving the necessary guarantees of structural reliability for those internal
structures which are d ifficult to inspect and good progress has been made in this area, particularly in
providing redundancy in the key reactor structures.
International collaboration continues to play a large part in the UK programme and there is an
active exchange between the UK and all those countries w ith operating fast reactors.
A particular step forward was the signing of an agreement between the AEA and the USDOE
for a programme of work on fuel testing, which is aimed to provide im portant confirm atory work on the
safety of fuel in fast reactors. This programme envisages the destructive testing in the US safety test
reactor TREAT at Idaho o f fast reactor pins of both UK and US origin which have been irradiated in PFR
and then shipped across the Atlantic for testing.

2.
2.1

PROTOTYPE FAST REACTOR

Highlights of recent operating experience

The operation o f PFR has continued to provide invaluable experience and a vast store of data on
which the design and operation of future commercial stations can be firm ly based. The reactor has now
operated for the equivalent of 247 full power days and total gross electrical generation now stands, at
810 x 10‘ kWh. Good progress has been made w ith natural circulation tests in the primary circuit
which have reached the stage of a simulated loss of electrics trip from 50M W (th). In parallel w ith
the operation of the power station, good progress has been made w ith preparations for opening up the
routes for irradiated fuel and waste on the Dounreay Site. The first irradiated PFR sub-assembly is
scheduled to be reprocessed in the late Spring of 1980.

2.2

Diary of main events in 1979

The Station operated at full design thermal power of 600 M W for a short period at the beginning
of January. Sustained full power operation was prevented by a number of trips, followed by failure of
an experimental fuel pin. The reactor was shut down in early February and the charge machine was
loaded to ailow removal of the sub-assembly containing the fuel failure. The shutdown lasted 16 days.
Late in February during power raising a leak occurred in evaporator 2. Shortly after resuming
three circuit operation a leak occurred in evaporator 1. In each case operation continued on tw o
circuits at reduced power while the tube ends affected were plugged. A turbine alternator seal oil
system leak interrupted generation towards the end of this period of tw o circuit operation in the second
half of May.
In the period from the end of May to late July power operation was interrupted for a variety of
reasons including a failure in the electrical grid system due to electrical storms, a flo w restriction in the
prim ar/ circuit argon gas blanket system and water treatm ent plant problems due to a high level of
organics in the intake water. Operation at full power was lim ited to a short period at the beginning
of July.
Two circuit operation was resumed in August follow ing the dumping of circuit 2 to investigate
a suspected small leakage of sodium at the main flange between the reheater tube bundle and its
containing vessel. Further primary circuit natural circulation tests were carried out at the end of
August and the plant was then shut down for a programme of maintenance work. The programme of
fuel, absorber and guide tube changes, pressure vessel test, inspection work, investigation o f sodium
leakages at steam generator unit flanges and refurbishment o f the seawater pumphouse ended in
March 1980.

2.3

Reactor primary and secondary circuits

Experience w ith the operation of primary and secondary circuits has continued to be excellent.
The reactor has operated w ith high availability. Since the first achievement of criticality in March 1974
the overall availability has been 71%. The reactor shutdown system has always operated correctly on
demand. Primary and secondary sodium pumps continued to operate w ith extremely high availability.
Where occasional pump outages have occurred these have been associated w ith out-of-sodium circuit
systems, e.g. pump oil systems. No problems have arisen in the past year w ith in-sodium pump hard
ware. The control of primary and secondary circuit impurities has been achieved as required by opera
tion of the cold traps. Improvements are currently being made to the sodium level control system in
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Tie primary cold trap loop which has always been d ifficult to operate. Experience w ith radiation and
contamination control during power operation and active handling has been excellent w ith minimal
personnel exposure.
Two failures of highly rated experimental fuel pins of an alternative to the standard design have
occurred. Delayed neutron emitters were detected in the primary sodium coolant, indicating that some
fuel was exposed. The first failure occurred in September 1978. The failed pin location loop was
commissioned and used successfully to locate the failure at low power, follow ing which the reactor was
shut down and the sub-assembly concerned was removed. A further failure in the same type of fuel
occurred early in January 1979. On this occasion Station operation was continued for 1 month at
about half the design thermal power while the failure signals were studied. This item too was removed
w ith the reactor shut down. Both fuel items have subsequently been transferred to the irradiated fuel
cave for examination. Radiography has not revealed any signs o f fuel in positions where it ought not to
be, or of clad failure. Arrangements are now being made to disassemble one of the items (an experi
mental cluster from a demountable sub-assembly) for more detailed examination.
Studies of the effect of sodium temperature fluctuations on components in the plenum above
:he core, and of the effect of sudden temperature change on primary components which follow a trip
from full power, have continued. These studies have involved the use of instrumented rigs containing
'ast resoonse thermocouples in the reactor, and rigs of various types in the laboratories at. Risley,
airected not only to achieve a better understanding of PFR but also to provide information which will
be of great value to the designers of larger commercial stations. A further special instrumemed rig,
particularly orientated towards studies of temperature fluctuations, was loaded into the reactor at the
last shutdown.
It is im portant to note that, with the exception of the experimental fuel pin failures, the primary
circuit issues summarised above have not significantly affected the availability of the reactor. Removal
of the fuel failures required shutdown to load/unload the charge machine. It is to be hoped that current
efforts to develop a high temperature pantograph charge machine, which could remain in the reactor
during operation, w ill be successful. Fuel failures would then be more speedily removed if continued
operation w ith them present cannot be justified.
It has been demonstrated previously that the steady-state dissipation of heat (equal to that
immediately after a trip from full power) from the core to the primary circuit can be accomplished in
the total absence of forced circulation. In addition, significant progress has been made in demonstrat
ing the smooth transition from forced to natural convection flo w in the event o f the loss of forced
circulation in the primary circuit, including that provided by the primary pump auxiliary pony motors.
A series o f tests was carried out in which the reactor power was set at 5, 10 and 15M W (th), to
simulate various levels of decay heat, and the primary pumps were tripped w ith pony motors isolated.
These tests at constant power do not give the correct primary circuit temperature distribution that
exists immediately following a trip from power and consequently a further series has started which
takes this factor into account. Two tests have been carried out so far involving simultaneous pump and
reactor trips from a reactor power of 50M W (th). The results indicate that a smooth transition from
forced to natural circulation occurred.

2.4

Steam generator units

The steam generator units have continued to perform satisfactorily w ith their operation inter
rupted significantly only as a result of leaking tube/tube-plate welds in the evaporators of circuits 1 and
2. Prior to these leaks, the most recent previous leak was in the circuit 3 evaporator in October 1977.
A t the end of February 1979 a leak occurred in evaporator 2, the first in this unit since early 1976. The

circuit was shut down and the affected tube blanked o ff by explosive plugging. The leak in the circuit 1
evaporator occurred in April 1979 and was the first that has occurred in any unit o f circuit 1. Both
units were returned to service after leak location and repair operations that followed previous practice.
The dow n-tim e fo r such operations is typically about 2-3 weeks. However, in some cases the tim e has
been extended to allow for additional inspections.
In the case of the recent evaporator leaks, it is concluded from w ork on weld samples removed
from the units and laboratory investigations that the hard, highly stressed weld in these units is
susceptible, under certain conditions, to stress corrosion cracking in pure water. I n t h e case o f the
spare evaporator unit, which has recently been delivered to the Site, compressive stress w ill be intro
duced at the weld surface by shot peening. Laboratory tests have shown that this technique should
provide complete protection at least for a significant tim e in the future against the probability of weld
failures from this cause. The welds in the existing units are protected by a layer o f magnetite at present,
and it is considered that the weld failures which have occurred probably followed damage in some way
to the magnetite layer. In the future, consideration is being given to shot peening the welds in the
existing units follow ing the first required chemical cleaning o f the steam tubes. Should the frequency of
occurrence o f leaks in the existing units demand it, this task could be brought forward.
The manufacture of new superheaters and reheaters of improved design continues w ith the
delivery of the first unit scheduled for 1982. These units, in 9C r ferritic steel, w ill replace the existing
austenitic steel units. The highly stressed tube to tube-plate weld in the existing units w ill be elimi
nated and replaced by a brazed jo in t between the steam tube and thermal sleeve, which is welded to
the tube-plate.
In July 1979 there was evidence (small emission of smoke from a lagging box) that the seal
between reheater vessel flange and the reheater tube bundle flange in circuit 2 was not perfect. The
circuit was shut down for investigation and it was found that some 2 kg of sodium had found its way
past the metaflex seal. Inspection after cleaning of reaction products revealed no significant damage
to the main structure of the unit.

One flange bolt
of 64 nuts and bolts).
before the start of the
cated the presence of

2.5

was found to be cracked and tw o nuts showed signs of cracking (out of a total
Bolts were replaced and tightened and the circuit refilled w ith sodium shortly
last shutdown. Evidence from "peep-hole" examination through lagging indi
leakages at other steam generator unit flanges, which were also repaired.

Refuelling

The fuel charge machine has continued to work well, being stored between refuelling campaigns
in a flask under argon purge. It has not been found necessary to exert undue forces either in subassembly removal or insertion operations. Six control and shut-off guide tubes have been successfully
changed in the first operation of this kind at the last shutdown. Checks throughout the past year have
confirmed that absorbers are moving freely in their surrounding guide tubes. A selection of subassemblies have been rotated through 180° at each shutdown so that, for the remainder of their period
of residence in the core, they bow in the opposite direction. While the monitoring of core distortion and
bow resulting from increased irradiation is proceeding, there has been, thus far, no significant problem
arising from this source during refuelling.
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2.6

Fuel and waste routes

Considerable progress has been made in commissioning PIE equipment in the irradiated fuel
cave and in completing and commissioning hardware required to allow the first m ovement of irradiated
fuel and waste to facilities on the Dounreay site. In particular, components removed from the reactor,
such as sub-assemblies and absorbers, are being X-rayed routinely. The laser system is currently being
recommissioned in preparation for cutting the wrappers of irradiated sub-assemblies for the first time.
Tne next major step in completing the fuel route w ill be the commissioning o f the facility which steam
deans the residual sodium from components prior to their despatch for reprocessing. This work is
currently In progress and should be completed early in 1980.
The store for irradiated fuel, which w ill act as a buffer between reactor and reprocessing plant,
is scheduled for completion in the Spring of 1980.

2.7

General points of operational experience

Operation o f the Station has been interrupted too frequently by trips which have mainly
originated from conventional equipm ent. W hile action is taken to eliminate trip sources as far as
possible as they occur, it was decided in addition to carry out a thorough review of plant protection
logic to see if the number of parameters initiating trips could be reduced. The Station logic has been
compared w ith other nuclear and conventional stations and recommendations have been made which,
when implemented, w ill result in a reduction in the number of parameters initiating trips.
W hile major ingresses of seaweed into the seawater pumphouse have caused major plant shut
downs for weed removal on some 3 -4 occasions since operations started, full remedial work would
be very costly, and no action is planned at present. Attention is concentrated on the refurbishment of
the drum screens in the seawater pumphouse w ith the aim of reducing the number of occasions when
small weed penetrates the defences and, by blocking condenser tubes, causes loss of vacuum w ith a
consequent requirement fo r power reduction.
The high level o f organic matter in the w ater arriving at the plant has, on a number o f occasions,
required action to reduce power and hence w ater demand. Organics foul the resin beds and cause
problems in maintaining, in particular, chloride, sodium and conductivity levels w ithin specification.
While plant improvements and changes in operating procedures have already been made, work is
continuing to define more efficient ways of dealing w ith sudden increases in organic level in the intake
water.
Experience w ith the operation of the main turbine, heater drains pump and auxiliary boiler feed
pump in the past year has been good.

3.

DESIGN STUD IES

During the early part of the year, work continued on an advanced reactor design in order to
assess the capital costs of a plant not constrained by current technical uncertainties. Latterly, effort
has been deployed in selecting those advanced features of this design which could be incorporated
w ith confidence into CDFR to give technical advantages and lower capital costs. This exercise is not

yet complete, but particular design changes that could result in significant cost reductions are
mentioned here as follows.
A PFR-style single rotating shield and pantograph refuelling machine would lead to a reduction
in primary vessel diameter. Refuelling machines which are designed to remain in the reactor would
minimise shutdown times, particularly when dealing w ith failed fuel. Such machines must be capable
of remaining inoperative for periods of 6 to 12 months In sodium at core outlet temperatures and then
o f operating satisfactorily at 2 5 0 to 300°C. It is recognised that development work w ill be necessary,
particularly on the wear characteristics of selected bearing materials as an aid to design.
A vertical/horizontal transfer system would be used in conjunction w ith the above refuelling
machine fo r the m ovement of core Items from the reactor along a shielded tunnel to an external store.
Irradiated items w ould be hoisted out of the fuel transfer rotor in sodium filled buckets and transferred
along the tunnel (argon atmosphere) before being lowered into a sodium filled store. New items would
follow the reverse route. It has been estimated that for normal irradiated fuel transfers, no forced cool
ing of buckets would be necessary.
An all-steel primary containm ent has been evaluated in which the roof structure would be used
to support the primary circuit components, the primary vessel and a hot leak jacket. The roof would be
deflection lim ited to minimise the m ovement of components w ith respect to the core and its support
structure, and as such it is expected to be capable o f withstanding a 1 to 3G J excursion yield.
Consideration has been given to an alternative primary circuit layout in which the pumps pene
trate the hot sodium pool in insulated standpipes which are connected to the core support structure
top membrane to form a boundary between the hot and cold pools. In this way the geometry of the
hot tank would be simpler (cylindrical as against lobed) and the surfaces requiring thermal insulation
under sodium would be significantly reduced. In order to function satisfactorily, however, a thickness
of stratified sodium w ould need to be maintained in the region im mediately above the core support top
membrane.
A reduction in the number of primary sodium pumps from 6 to 4 is thought to be technically
feasible in the CDFR timescale. Pumps similar in style to those of the reference design are envisaged
but o f slightly larger diameter.
Designs have been produced for 4 0 0 M W and 8 00 M W IHX units based on a style developed for
a possible PFR replacement unit of 100 MW. Four only of the larger IHXs would be required for the
operation of a 1320M W (E) station, but w ith such large increases in unit size, confidence in their feasi
bility m ust be established before selection. 8 0 0 M W "U " tube, " J " tube, straight tube and helical oncethrough boilers are all being considered along w ith units of smaller size. The most attractive steam
cycle, particularly in the long term, is thought to be a once-through single vessel steam generator in
which feed w ater is evaporated and converted to superheated steam in each tube o f the u n it It is
recognised, however, that such a system would be less stable than a comparable forced circulation unit
and its response during transients would be faster, but it would have the advantage of being more
economical in terms o f ancillary equipment, sodium/steam pipework and vessels.
The use of four self-contained secondary sodium circuits would appear to be feasible, particulariy w ith the larger (8 0 0 MW) IHXs and boilers. The pipework required would be approximately 0-75
metres bore, producing sodium velocities of 10 m/sec. which follow s the trend in other countries. In
order to eliminate expansion bellows an amount of negative pre-strain would need to be introduced
into the pipework over a significant part of its working temperature range to keep the total stress w ithin
elastic limits. A practical way of achieving this would be to heat the installed pipework to some inter
mediate temperature before making the closing welds.
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4.
4.1

ENGINEERING COMPONENT DEVELOPMENT

Large sodium rigs

Two new large sodium rigs, the High Temperature Sodium Loop (HTSL) and the Sodium Compo
nents Test Rig (SCTR), have now been fully commissioned at the Risley Nuclear Laboratories.
As mentioned in the previous review, HTSL was designed to fulfil the dual functions of a high
temperature isothermal-endurance rig and a thermal shock facility. In its endurance role it can provide
a sodium flow of 90 litres/sec at temperatures up to 650°C; this is adequate to test a pair of CDFR
fuel sub-assemblies. In Its thermal shock role it can produce thermal shocks from 600°C to 400°C
at up to 25 deg К/second; this is adequate to simulate the thermal shocks produced on any of the
reactor structures by reactor trip conditions.
The rig consists of a main sodium loop and an auxiliary loop. High temperature sodium is
pumped round the main loop by a centrifugal pump, and this provides the endurance facility. The
subsidiary loop comprises an annular linear electromagnetic pump and an electrical induction heater.
In order to produce a thermal shock, the test section is maintained at the upper temperature by the
subsidiary loop while the main loop is running at the lower temperature through a bypass leg; the
shock is applied by switching the cooler flow from the bypass to the test section. A mixing vessel in the
main circuit prevents thermal shocks damaging the centrifugal pump.

Both rigs are housed in a purpose-built building w ith sufficient height and cranage to handle test
components up to 20 m long and 12 tonnes weight. The rig's are operated from a common control
room containing automatic data logging and safety systems for each rig, and data processing equip
ment for the various experiments.

4.2

Components

4.2.1

Under-sodium viewer

Experience w ith power reactors has shown the value to the operator of an ability to assess
visually the surface conditions, shape and relative positions of components. In PFR the sodium is
opaque but ultrasonic instruments may be used to detect echoes from a pulsed beam which may then
be synthesised electronically into a recognisable image. An ultrasonic viewer using these principles
is being constructed for use in PFR with the initial objective of surveying the core top during reactor
shutdown. It will monitor the relative positions of the tops of the individual sub-assemblies and the
relative heights of the individual wrappers; this w ill provide essential information on the core distor
tions arising from neutron induced voidage.
The ultrasonic viewer comprises the following:

The rig is constructed in 316 H austenitic stainless steel pipework of 150, 100 and 50 mm dia
meter. The sodium holdup is 21 mJ. The auxiliary equipment includes a sodium impurity control and
monitoring system comprising cold traps, an automatic plugging meter and a direct sodium sampling
unit.
In a high flow sodium rig the phenomenon of cavitation requires particular attention. If in any
pan of the rig the local absolute fluid pressure falls below the sodium vapour pressure, bubbles of
sodium vapour are formed, which collapse again when they enter a region of higher fluid pressure. This
subsequent bubble collapse can be quite violent, causing undesirable noise and. if sufficiently violent,
structural damage. Cavitation tends to occur where the sodium velocities are high and the absolute
pressure low, and so the pump inlet is a particularly vulnerable region.
О

It is convenient to investigate cavitation phenomena using water, but there is not yet any
adequately proven correlation between pump cavitation behaviour in water and in sodium. To provide
basic information in this area, initial commissioning of HTSL was carried out w ith the rig filled with
water, and measurements, were taken of the cavitation inception of the centrifugal pump and the rig,
for subsequent comparison w ith similar data when running in sodium.
After the w ater tests described above, the main loop was dried, the ancillary systems were
connected, and the rig was filled w ith sodium. During the rig commissioning phase the experiments on
a sub-assembly thermal regulator (described below) were undertaken. To date some 4 0 0 0 hrs pump
running have been accumulated at sodium temperatures up to 650°C.
The Sodium Components Test Rig was designed to test CDFR control, shut-off and fuel handling
mechanisms in static sodium or sodium vapour at operating sodium temperatures. It consists of a
common sodium storage and purification system feeding up to 7 test vessels. Electrical heaters and
heat exchange equipment associated with each vessel enable the vessels to operate at different tem
peratures (up to a maximum o f 650°C) whilst connected to the purification system. Alternatively,
vessels may be connected to subsidiary clean-up systems and operated at different impurity levels.
The subsidiary purification system comprises a cold trap and plugging meter; the main system has an
automatic plugging meter and a direct sodium sampling unit.
SCTR can accommodate 3 large vessels up to 26 m high and 1 m diameter; these vessels will
be custom built to suit the CDFR components which require testing. Four smaller vessels, 3-35 m long
and 0-6 m diameter, for general purpose use, are already installed in the rig.

(a)

an array of transducers which can transmit ultrasonic pulses and receive echoes

(b)

a mechanical arrangement for traversing this transducer array across

(c)

an electronic system to store the resulting raw data and process it

(d)

an output terminal which can display a recognisable image.

the core top

The sodium-proof transducers are constructed from the piezo-electric material PZT, which is
satisfactory for use in the sodium temperature range 250-300°C. The transducer performance has
been proved using small sodium rigs. An array of 12 transducers w ill be mounted on the end of a 10m
long vertical tube which Is loaded into a penetration In the PFR Rotating Shield; the array is traversed
over the core by rotating both the Rotating Shield and the Viewer Tube itself.
The Data Processor records the transducer positions, time of flight and intensity of the echoes;
the transducer position and time of flight information is synthesised to produce an image on a television
screen, and the echo intensity is discriminated by the colour of the Image. The traversing mechanisms
and the data processor have been developed using the water facility BRUTUS at RNL, which comprises
a model of the PFR core top Immersed In water. The dimensions of the model are such that the time of
flight of the echoes in the BRUTUS model are Identical to those in sodium in the reactor; thus the
electronic input information is identical to that which w ill be received from the reactor.
The viewer is presently under construction and w ill be available for installation in PFR by
mid 1980.

4.2.2

Steam generators

Thermal hydraulic work has continued at AEEW using the Freon Rig, in which electrical and hot
water heating are used to investigate the effect of the form of heating on dryout, post-dryout heat
transfer and temperature fluctuations at dryout. The design of the third stage test section has been
completed and machining of the tube to obtain the required heat flux profile by electrical heating, which
w ill correspond to that obtained in the hot water heated second stage tests, has been carried out
successfully. Instrumentation of the test section has been completed and installation in the rig is
proceeding. A computer program has been prepared to analyse the experimental data.

A limited series of calculations has been carried out to investigate the performance of a very
long U-tube once-through steam generator using the AEEW codes JCBARK and LOOP. This showed
that quite severe throttling was required to obtain stable operation at low load but that the potential
instability was not induced by downward boiling. This work has been extended to an examination of a
straight tube once- through boiler design. These calculations suggested that the 20% load condition
was less stable than full load or start up conditions. Significant inlet throttling would be required to
maintain stable operation.
The Super Noah Rig at DNE is being refurbished, and future experimental work w ill be concen
trated on the phenomena of escalating leaks including the development of improved systems of protec
tion against this type of leak event.

4.3
4.3.1

Coolant circuit studies
Thermal shock

Apparatus has been developed to simulate, out-of-pile, without using sodium, the type of
thermal shock to which in-pile components are subjected as a result of a reactor trip. Initial work has
been directed to a 6 inch diameter tubular specimen with an internal plug and an external flange
welded, to it.
As mentioned in the previous review, the test specimen is placed in a furnace and slowly heated
to 600°C; it is then quickly moved out of the furnace and into an array of tubes from which an air blast
is applied to the external surface. This provides a surface thermal shock from 600°C to 400°C at up to
10 deg К/second which is quite adequate to simulate in-pile conditions. The rig is automated so that
fast cycling w ithout hold time, or any desired hold time at the upper temperature, can be achieved.
A theoretical analysis of the effect of this thermal shock on the component has been carried out
using the heat transfer program HEATRAN and the elastic stress analysis program TRESS, both
developed by the UKAEA. These calculations showed that the thermal shock cycle caused local strains
in the component which were significantly in excess of the elastic limit, and identified those regions
which would be subjected to the largest cyclic straining.
A more extensive theoretical analysis using the inelastic finite element structural analysis code
BERSAFE, developed by the CEGB Berkeley Laboratories, has confirmed the results of the elastic code
and also indicated the extent of the regions of plastic straining. By applying the principles of linear
elastic fracture mechanics, the calculations showed that the most likely form of fatigue failure would be
a crack starting from the end of an existing crevice in the component between the tube and the internal
plug.
Two specimens have been examined, one after 2 00 thermal cycles of 200°C amplitude, and
another after 500 cycles of 125°C amplitude. Both showed small fatigue cracks starting from the
crevice and propagating in the direction predicted by the calculations. Thus the form of failure of the
component under these conditions has been fairly well established. Future experimental work is aimed
at studying the rate of growth of these cracks, so that the total number of thermal shocks needed to
cause failure of the component can be determined.

4.3.2

Thermal striping

As mentioned in the previous review, flow and power variations between individual subassemblies lead to significant temperature differences between the streams of sodium emerging from
adjacent sub-assemblies. These streams of sodium at differing temperatures retain their thermal
identity for a substantial distance downstream and, since the flow is unsteady, any structure immersed

in this flow is subjected to fluctuating sodium temperatures. This phenomenon, known as thermal
striping, causes the surface temperature of the structure to fluctuate, leading in turn to cyclic thermal
straining, and possible surface crack formation and propagation.
The extent of these thermal fluctuations in PFR is tc in g investigated both by in-pile instrumenta
tion and by out-of-pile models, air and water models. The main model is one in which the complete
above-core region is represented. Individual electrical heaters mounted in selected simulated core and
blanket assemblies permit the individual temperature levels in these assemblies to be set to the values
which simulate detailed core outlet temperature patterns. The resultant flow velocities and tem
perature fluctuations in the above-core region are measured.
Comparison w ith temperature measurements made by fast response thermocouples inserted
into the above-core region of PFR show that the models provide an accurate simulation of the tem
perature fluctuations in the actual reactor coolant.
In principle a temperature sensitive electromagnetic gag could be fitted to the outlet of blanket
sub-assemblies which would increase the outlet temperature of fresh sub-assemblies and thus reduce
the intensity of thermal striping arising from the core/blanket boundary. A prototype EM gag has been
designed and constructed using a permanent magnet which retains its magnetic properties up to
~ 600°C, and the Curie point properties of 5 0 /5 0 Ni-Fe material.
This device has been tested in the High Temperature Sodium Loop. The experimental results
show that, using such an EM gag, the blanket sub-assembly outlet temperature swing over its reactor
life would be reduced from 140 deg К w ith a fixed gag to 40 deg К using the regulator. A related
reduction in "cold" flow would also occur. This combination would virtually eliminate "thermal
striping" effects from blanket sub-assemblies: It has, however, some disadvantages: throttling takes
place at the sub-assembly outlet, thus increasing the wrapper internal pressure and enhancing wrapper
dilation.

5.
5.1

M ATERIALS DEVELOPMENT

Fabrication and inspection

International Research and Development Co Ltd, Newcastle, have successfully completed a
study of the connection of 9Cr 1 Mo thermal sleeves to 2^-Cr 1 Mo tube sheets by explosive welding.
The method has a number of attractions compared with the more conventional technique of spigot
welding, and in addition results in the production of a relatively stress free joint, as evidenced by its
resistance to stress corrosion cracking in aggressive environments, w ithout the need for stress relief.
The investigation of an alternative way of making direct tube to tube plate connections in the current
design of evaporators, using explosive welding, has also been completed successfully.
As a back up to the use of brazing for fast reactor tube bundles, a new feed back system has
been developed, at MEL, which allows fusion welds to be made in which the weld is controlled to
prevent penetration through the tube wall. A version suitable for production is under construction.
Work on weld quality optimisation and process tolerance is also underway.
It appears that narrow gap TIG welds in 50 mm thick 316 plate, besides being more easily
inspectable than other welds in similar material w ith a different profile, possess a fracture toughness
almost as great as the parent plate and considerably better than that exhibited by Armex GT (17Cr 8 Ni
2 Mo) weld metal deposited by manual metal arc. An all-position pipe weld in 316 steel w ith the pipe
horizontal is currently being made from which further test specimens w ill be taken: defects w ill be
deliberately introduced into certain sections to assess the ultrasonic testing response.
Work has continued at RNL on the inspectability of CDFR weldments using angled longitudinal
ultrasonic waves, and encouraging results were obtained from an ultrasonic examination, supported by

radiography, of 14 manual metal arc welds containing deliverately induced defects, of which vertical
cracks proved to be the most difficult to detect. As yet, none of the defects can be sized confidently
because of the ultrasonic beam skewing phenomenon, but the results w ill be more easily interpreted
after the test blocks have been examined by destructive metallography.
AERE investigations into the applicability o f the time of flight technique to defect sizing have
continued, with measurements on some of the RNL defected austenitic weld specimens and with a
theoretical assessment of the likely performance of the method. The results suggest that it has con
siderable potential. Studies have also begun of the use of correlation techniques to improve the signal
to noise ratio for pulse echo inspection using longitudinal waves. Knowing the velocity of ultrasound
through the material, the range of the defect is determined by observing the time delay for which there
is the best correlation between the incident and reflected signal.
Initial theoretical calculations by AERE suggest that it should be no more difficult to detect
cracks filled w ith sodium, than those filled with gas, provided that the sodium is liquid and that the
crack faces are more than 0 01 mm apart.

5.2

Mechanical and physical properties of circuit materials

5.2.1

Stainless steels

to the lifetime dose levels of the CDFR diagrid and sub-assembly carriers respectively. The approximate
irradiation and subsequent test temperature was 380°C. The results show no detrimental effect of
irradiation on the growth rate, in general a slight decrease being observed.
Investigations of embrittlement in Type 316 weld metal at 475°C, at CERL, have revealed only
slight r e d u c t i o n s i n impact resistance during the first 1000h exposure; a time during which most of
the embrittlement is reported to take place. Exposures are continuing to longer times. Very much
greater reductions in impact resistance were produced by post weld heat treating at 800°C. This is in
agreement with results at MEL.

5.2.2

In co-operation w ith Oak Ridge National Laboratory, BNL have compared the properties of
Alloy 718 with those of Type 316 steel for above-core usage. Although the predicted tolerance of
Alloy 718 to thermal striping is greater than that of Type 316 steel, there are areas of concern with
Alloy 718 such as notch sensitivity, property variability, low toughness and loss o f strength following
ageing.

5.2.3

A programme of notched bar rupture testing on Type 316 wrought metal and weld metal at
550° and 625°C has been completed, with "rupture times of up to 16,000h. Shallow notches were
used and in no instance was the presence of a notch or crack found to be weakening.
Strain controlled creep/fatigue tests on Type 316 steel, involving a hold time in the tension part
of each cycle, are continuing at SNL and RNL. At SNL, tests have been performed on tw o casts of steel
at 570°C, one cast containing high carbon and known to give a low rupture ductility. The endurance
under continuous cycling was found to be greater at 570°C than at 625°C but the hold time effects
were found to be larger. Increasing the hold time did not necessarily result in a decrease in endurance,
and recent tests involving hold times of 3 and 10 hours gave a life comparable to that observed under
continuous cycling. This provides further evidence of the complexity of creep/fatigue behaviour.
Creep endurance of 316 steel was less in titanium gettered oxygen than in non-gettered sodium,
but superior to that in vacuum. Increased oxygen contents (up to 100 ppm) decreased rupture times
in both 304 and 316 steels, but decreased ductility only in 304 steel.
An SNL repeated thermal down shocks have been applied to rectangular bar type specimens in
Type 304 steel, by quenching from bulk temperatures in the range 250°-500°C. Crack initiation lives
are in good agreement w ith isothermal strain cycling data. It was found that an effective thermal
cycling amplitude of 150°C did not cause cracking in 105 cycles.
Isothermal strain controlled high cycle fatigue tests on Type 316 have shown that at low strain
ranges relevant to thermal striping the material does-not readily stabilise and that at constant total
strain range the plastic strain range decreased to a low value towards the end of the test.
High strain fatigue tests at 625°C, with 0 - 2 % plastic strain range and { hour dwell, conducted
at CERL, have shown that crack growth rates are greater in solution treated material than those in post
weld heat-treated or service exposed materials.
Measurements of crack growth under cyclic elastic strain conditions also show higher crack
growth rates in solution treated material, compared with post weld heat-treated material. This work is
to be continued on Type 316 weld metal.
Fatigue crack propagation tests have been completed on irradiated Type 316 parent and weld
metal specimens. Specimens were irradiated to two dose levels, namely 0-2dpa and 2-8dpa, relevant

Alloy 718

Ferritic steels

Mechanical properties in static or low-flow rate sodium are being investigated at BNL. High
carbon activity sodium increased creep endurance and reduced secondary creep rates in 2-j and 9Cr
1 Mo steels. The ductilities were not affected, although the strain dependence of creep crack initiation
was decreased.
At MEL, work on the transformation kinetics of 9Cr 1 Mo steels shows that 6-ferrite is unlikely
to form during welding in conventional welding processes for compositions w ithin specification. The
work is being extended to higher Cr equivalents and to 9Cr 2 Mo VNb. Preliminary work on the TIG
welding of 9Cr 1 Mo has identified process tolerance for a range of welding parameters.

5.3
5.3.1

Waterside corrosion
Stress corrosion of boiler steels

Studies have been carried out on the influence of manganese sulphide distribution on the
susceptibility of 2 |C r 1 Mo and 2J'Cr 1 Mo 1 Nb steels to caustic cracking. A grain boundary sulphide
distribution similar to that observed in autogenous tube/tube plate welds was produced by subjecting
' C ring specimens to an ’overheating’ treatment at high austenisation temperatures. Comparison of the
behaviour of these specimens, which had been subsequently softened by tempering at 700°C with
ones of normalised and tempered material, showed that the presence of sulphides on the prioraustenitic grain boundaries only increased the rate of cracking by a factor of 2. Much greater crack
velocities were measured with ’overheated’ specimens which had not been softened by tempering.

5.3.2

Corrosion in the presence of heat flux

Experimental work in the RNL Model Boiler Test Facility is continuing on the influence of water
chemistry, thermal and hydraulic parameters on operational corrosion in pendant tubed boilers.
Initially, testing was limited to salt hideout and corrosion under different water chemistry regimes when
adverse hydraulic conditions resulted in 'steam blanketing’ or ,’premature dry-out’ in the bend region.
This condition is brought about by low coolant flow causing stratification of the steam-water mixture.
More recently the scope of the testing has been extended by simultaneously generating an additional
’dry-out' patch close to the riser exit of the boiler tube, by locally enhancing the heat flux to give
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departure from nucleate boiling. This provides a unique opportunity for making direct comparisons
between the two types of 'dry-out' under identical water chemistry regimes.
In a 4000 h test under acid sulphate fault conditions at high heat flux on the Harwell Mild Steel
Loop, corrosion and oxide deposition on the surface of 9Cr 1 Mo tubing are similar to the behaviour
under normal water chemistry conditions. In defects, however, concentrated acid sulphate solutions
are formed and the local corrosion rate is increased significantly.
Destructive examination of a 9 Cr 1 Mo test section from the miniature boiler loop at AERE has
been carried out after 7300 h operation, with predominantly good quality water at a heat flux of
800 kWm"J. The surface was covered with a compact inner oxide layer containing Cr and Fe, overlaid
by a porous outer layer containing mainly iron. No significant build-up of activity has been observed
at the dry-out zone when dosing with various salts containing MNa, showing that the amounts of
concentrated solution formed at that position must be small.

perature and cold trapping condition. Combinations of high temperature and low oxygen level lead to
relatively high coefficients of friction (~ 1-0), broadly comparable w ith those found with oxide-free
surfaces in inert atmospheres. Conversely, with combinations of high oxygen level and low tem
perature, conditions under which sodium chromite has been observed, coefficients of friction have been
found to be significantly lower (~ 0-3-0-41 and were accompanied by substantial reductions in wear
rates. Initially, using weld-deposited Stellite 6 couples and, more recently. 316 stainless steel couples,
it has proved possible to bracket an effective tribologlcal boundary separating high and low friction
regimes over the temperature range 650°-500°C. The boundaries for stainless steel and for Stellite 6
are parallel, that for stainless steel lying at slightly lower oxygen levels/higher exposure temperatures
than the one for Stellite 6. The former also lies close to a boundary for chromite formation suggested
in related work at AERE, based on SEM and X-ray diffraction studies. More direct confirmation of the
role of chromite has been provided by a scanning electron micrograph of a slider track which clearly
shows smearing of chromite deposits.

5.3.3 Chemical cleaning
Work at AERE during the past twelve months has concentrated on the chemical cleaning of
2¿Cr 1 Mo tubing (stabilised and unstabilised) for the existing and replacement PFR evaporator
bundles. Standard cleaning mixtures have been used comprising inhibited ammoniated 3% citric acid
at pH 3-5-4 0, 90-95°C with and without additions of 0-5% formic acid, chiefly at a flow velocity of
0-3 m sec"1.
RNL work is mainly concerned with variants of the standard citric acid cleaning procedures and
with the longer term development of alternative methods, especially ones suitable for use at elevated
temperatures for possible on-line operation.
5 .4

A b s o rb e r m a te ria ls

Tests have been completed on the joint compatibility of monoclinic europia, sodium and M 31 6 /
PE 16 claddings. A study of the effect of Interface pressure on the compatibility of boron carbide with
M 3 16 and PE 16 cladding at 800°C has shown that pressure increases the penetration of boron to a
similar degree to that caused by the presence of sodium (without significant pressure). Construction
of a loop in the MCTR at Risley to study the rate of loss of absorber material from failed pins is pro
ceeding well, with a first run expected in early 1980.
Improvement of the SNL code BORCON, which models the behaviour of boron carbide control
rod pins, Is proceeding w ith the incorporation of sub-routines dealing w ith clad swelling and the tem
perature distribution w ith sodium in the pcllet-cladding gap. The equations necessary for a similar
computer model of the behaviour of europia pins, YUKON, have been prepared for programming.
5 .5

T rib o lo g y

Further work on the fretting and thermal sliding of 9Cr 1 Mo/aluminised Inconel 718 continues
to confjrm the choice of this combination for supports in the replacement tube bundles for the PFR
superheaters and reheaters. Studies of fretting behaviour in the rubbing and impacting modes have
examined the influence of the various parameters in greater detail and pure rubbing and impact-slide
tests have been extended to 500 h to provide a firmer basis for the assessment of steam generator
lifetimes.
The trlbological properties of chromium-containing alloys in sodium are believed to depend on
the presence or absence o f a s u r f a c e layer of sodium chromite, a s o f t layer-lattice compound, and an
investigation is in progress of the inter-relationship between these properties and the exposure tem

6.
6.1

6.1.1

C H E M IC A L E N G IN E E R IN G /S O D IU M TEC HNO LO G Y

C o rro sio n , m ass and a c tiv ity tra n s fe r a n d d e p o s itio n

Corrosion and macs transfer in sodium

A t RNL the development of codes for predicting both corrosion rates and the rates of release of
specific elements from fast reactor core materials has continued. Experimental data to build up these
codes has been acquired from the Large Mass Transfer Loop where an 18-month programme of work
has been completed under conditions representative of PFR. Weight loss rates in the maximum tem
perature part of riie core section of the loop have beer, constant, in accord with data from previous
small loop studies. In the lower temperature core section, weight loss rates are lower than anticipated:
this is attributed to the specimens being slightly oxidised and covered w ith corrosion product layers.
Weight losses in the neutron shield rod section indicate that the sodium is not saturated w ith corrosion
products at the core exit. This large surface area in the reactor must therefore be taken into account in
calculating the burden of corrosion products in the primary circuit.
The IHX section is the main area for deposition, the deposits consisting of small metallic
particles or composites. In the early stages of loop operation, deposit composition varied along the IHX
tube, being nickel- and manganese-rich in the lower temperature outlet region and iron-rich at the
higher temperature inlet region. W ith extended operation the iron-rich particles deposited throughout
the tube to give a more uniform deposit, whose composition approximated to that of the corroding
surface. In the later stages of operation the deposits at the inlet appeared to erode and redeposit in the
cooler outlet region. This eroded material contains chromium-rich particles believed to be associated
with the oxide layers under the deposits.
Mass transfer coefficients for material deposition in the IHX and BPD sections of the loop have
been determined assuming that deposition is linear with time and controlled by boundary layer.diffuslon
and that no material removal has occurred. Values of the coefficients agree reasonably w ith theoretical
predictions and are comparable with those obtained for cobalt deposition in the Active Mass Transfer
Loop at Harwell.
Though‘ the sodium environment of the loop is carburising to both fuel cladding and IHX
materials, only a limited pick-up of carbon by these steels has occurred. From surface carbon deter
minations in the core materials (633°C), it appears that kinetic effects are more im portant than thermo
dynamic considerations with surface carbon increasing with increasing temperature. In the IHX, where
the temperature decreases along the length, differences in carbon levels are small and not significantly
different from the as-received values. Surprisingly it is observed that nitrogen transfer from the high
temperature core section to lower temperature areas can occur.
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The presence of corrosion product deposit thicknesses of ~ 4 ц т in the IHX and BPD sections
have not measurably affected the thermal-hydraulic conditions of the loop.

6.1.2

Activity transfer and deposition

Modelling and assessment of the distribution of radioactive nuclides around the primary circuit
has continued at the RNE and BNL establishments, where codes for calculating radioactivity source
terms are under development. Quantitative application of the codes to reactor circuits requires a
knowledge of partition and deposition coefficients and element solubilities in liquid sodium. Experi
mental information is being obtained from laboratory and active mass transfer loop work at Harwell
and Risley. At Harwell, cobalt mass transfer coefficients derived from loop experiments using a radio
active stainless steel source are in good agreement with those calculated from mass transfer theory,
indicating that the mechanism of cobalt deposition is governed by the mass transfer rate through the
sodium-steel boundary layer. Mass deposition in the IHX tube has been shown to increase along its
length, being some 3 times greater at the colder downstream end than at the hot upstream end, but the
proportions of iron, nickel and chromium in the deposits remained unchanged. There is some evidence
that the deposits at the higher temperature are more strongly bound to the steel surface.
Initial operation of the active loop at Risley, using an active source of pure iron and carried out
at low temperature (450°C) with sodium velocities of ~ 6 m/sec, indicates that the initial release of
59Fe and 5*Mn may be associated with mechanically-unstable surface films. The release rate subse
quently drops and is then believed to correspond to removal by a dissolution mechanism. Extended
operation of the loop at higher temperature (650°C) and at an oxygen-in-sodium level of 5 ppm
revealed an activity deposition along the entire deposition tube: the ” Fe build-up was linear with time
whereas that of 5<Mn was parabolic.
Studies on manganese solubility in sodium are in hand at Harwell. Problems were encountered
initially in producing acceptable sample crucibles, but nickel crucibles lined w ith M n88-N i12 foil are
now being used. Recent incorporation of a filter in the sodium sampling equipment has improved the
precision of the data. Solubility measurement over the temperature range 450-650°C has been made
and no effect has been observed due to variations in the level of oxygen in sodium.
Work on caesium behaviour in sodium continues with a study at Nottingham University of its
distribution between sodium and steels, and at BNL examination of pipework specimen: from the
caesium studies loop. At BNL the deposition of caesium on AISI 316 steel surfaces has been shown to
be dependent upon the presence of an oxide film at the steel surface. These studies have also shown
that significant diffusion of atomic caesium into 316 steel does not take place, and reported observa
tions of this phenomenon have been rationalised. Experimental studies on Mn and Co behaviour in
sodium environment have been initiated to gain basic understanding of their transport kinetics.

6.2
6.2.1

Sodium impurity monitoring instrumentation
Oxygen meters

Development and testing of the electrochemical oxygen meter based on a thoria/yttria ceramic
electrolyte continues at Berkeley, Harwell and Risley. Performance has been good, especially if a
metal/metal oxide (e.g. Sn/Sn02 or ln /ln 2Oj) is used for the reference electrode instead of the more
conventional air electrode. A t Berkeley the air reference oxygen cell has been re-calibrated by direct
addition of Na¡0 and the results, coupled with.other experimental data to determine ionic transport
numbers, have enabled the effective transport number for this cell to be determined. Revised calibra
tion equations (the numerical constants of which vary with temperature and solubility expression) have
been derived.
Cell lifetime appears to be the limiting parameter, mean lifetime being about 6 months. In an
effort to improve lifetime, an investigation into failure modes is being conducted jointly by Harwell,

Berkeley and Risley Laboratories. Failures do not appear to be due solely to thermal shock but may be
associated w ith chemical attack on the ceramic electrolyte (in sodium). Experiments have been
initiated therefore to study the compatibility in sodium of the thoria-yttria ceramics under varying
conditions of purity and composition of the ceramic, and oxygen level in the sodium. Modifications to
the production procedures for Harwell. Mk II ceramic tubes have also been made, including increasing
the cell wall thickness and improved inspection techniques to identify flaws. Preliminary testing of the
newly manufactured cells indicate an enhanced service life.
A feasibility study at Harwell on a microleak detection unit indicates it should be possible to
detect small water leaks into sodium resulting in changes in oxygen level in the ppb range by means of
oxygen meters operating in a differential mode.

6.2.2

Hydrogen meters

At the CEGB’s Berkeley Laboratories, basic work on the hydrogen galvanic cell is continuing, in
order to define performance limits for the present cell design. Comparative assessment of this cell
and an ion pump hydrogen meter has been performed. An extensive study is under way In which the
galvanic hydrogen cell is being used to investigate the chemical behaviour of sodium hydride in sodium
w ith and w ithout other impurities present, and including the precipitation behaviour of the hydride
species in plugging meters. Also associated w ith this work is an evaluation of cold trapping for removal
of hydride.

6.2.3

Instrument modules

Berkeley, Risley and Dounreay establishments have collaborated in the development of instru
ment modules (containing hydrogen and oxygen meters) for installation on large sodium rigs and on the
PFR. The modules are designed to protect the meters against temperature and pressure fluctuations
in the sodium. Thermal performance tests on a loop at Dounreay have demonstrated that module
temperature control can be achieved to w ithin ± 0-5°C.

6.2.4

Carbon meters

The Harwell diffusion type carbon meter has operated satisfactorily on PFR. Laboratory experi
ments have been performed to establish a new calibration curve for operation of the meter at tem
peratures below 500°C (original design operating temperature, 550°C). It has also been demonstrated
that the meter w ill operate satisfactorily at near unit carbon activity levels. One of the iron membranes
of the units instaÜHu on PFR has been converted for use «к a hydrogen/tritium monitor. The values
obtained for hydrogen levels are in good agreement with plugging meter temperature measurements.
Tests comparing the behaviour of electrochemical carbon meters w ith both binary and ternary
carbonate electrolytes have been carried out at BNL. The ternary electrolyte (m.p. 397°C) w ill allow
extension of the operating range of the meter to lower temperatures. Preliminary results show good
agreement between meters operating w ith the 2 types of electrolyte over the carbon activity range
1- 0 - 1.

6.2.5

Plugging meters

Earlier analyses of PFR plugging meter data have been re-examined and it has been concluded
that hydride is the fast plugging species in the PFR primary coolant. At BNL the use of electrochemical
hydrogen and oxygen meters to characterise plugging meter behaviour has continued. Preliminary
experimental evidence has indicated the existence of a third species, other than oxygen or hydrogen,
depositing in the plugging meter orifice.
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6.3

Sodium removal and decontamination

Further attempts to remove sodium from PFR No 3 reheater tube bundle have been made with
melt-out temperatures raised to 200°C maximum and assisted by hot sodium flushing. Subsequent
inspection has shown that some tubes are still blocked. Future plans are under consideration. An
alcohol cleaning plant is available if required.
A design scheme Is being finalised to modify the PFR Decontamination Pit to accommodate a
water vapour/nitrogen (or carbon dioxide) system for sodium removal, and facilities to enable decon
tamination of all reactor components Including intermediate heat exchangers and sodium pumps w ill
also be installed. At Risley laboratories support work involving cleaning of test specimens containing
design features representative of crevices, etc. in PFR components, is under way to assess the effective
ness of the cleaning treatment. This support work will be extended to examine the effectiveness of
vacuum distillation techniques for sodium removal.

6.4

Sodium chemistry and technology

6.4.1

Impurity control

PFR cold traps have operated satisfactorily over the past year. Earlier indications of flow block
age in the primary trap cleared after redistributing the basket impurities and the graded mesh basket
in the secondary trap continues to show extended service life characteristics. The regeneration of
secondary circuit cold traps is under consideration and work will shortly start to investigate a method
based on thermal dissociation of sodium hydride (tritide) with separation and collection of the evolved
hydrogen and tritium as tritiated water. Experiments at Berkeley have already demonstrated the
feasibility of this method and indicated that the application of a vacuum technique for gas removal is
preferred to gas sparging. An expression for rate of hydrogen release has been derived - for example,
a trap of 1 mJ sodium surface area at 400°C would release about 3 5 0 g of hydrogen per day.
CEGB (Marchwood and Berkeley Laboratories) and GEC are collaborating to investigate the
performances of new experimental designs of automatic plugging meter and cold trap. Initial results
reveal modifications to the trap internals are required to improve flow and temperature distributions.
Results also confirm that the plugging meter, which has an increased orifice velocity, can achieve a
faster flow response and thus greater sensitivity for given impurity and temperature conditions than
previous models. Plugging rate data have revealed the presence of a slow and fast plugging species,
correlations w ith previous work at Berkeley indicating that hydride is the fast plugging impurity.
BNL hydrogen and oxygen meters have been fitted to the Purity Control and Monitoring Loop at
GEC (REL). Meter responses to changes in cold trap temperature have been measured, for correlation
with saturation temperatures measured with the plugging meter.

6.4.2

Liquid metal disposai

An atomised spray burning technique has been developed on DFR into a safe, reliable and easily
controllable method for the disposal of NaK (or sodium). Because the secondary circuit NaK is slightly
contaminated by u’ Cs, operations have been limited by imposed weather restrictions, nevertheless
some 3 7 1 NaK have been processed in batches up to 1-21 and burning rates of 6 5 -7 0 Kg/hr. The
primary NaK, which is highly contaminated with ‘’ ’ Cs, is to be disposed of by injection into NaK OH
solution and the plant w ill shortly be commissioned. In an attempt to minimise the volume of highlyradloactive 13,Cs waste studies are under way to investigate the effectiveness of reticulated vitreous
carbon as a trap for caesium.

6.4.3

Sodium-water reactions

In the new test facility at BNL for the investigation of microleaks, studies to characterise
behaviour of leaks through 9Cr/1 Mo steel have continued; steam pressures up to 130 bars with
sodium temperatures 400-500°C have been employed. Leak escalation was observed In some tests, in
which initial leak rates were ~ lO ^ g s e c "1, w ith no leak blockage preceding escalation. Material
damage at leak sites has also been studied for leak rates of 10“ 5gsec~‘ and steam pressures down to
7 bars. This work has indicated that complete and permanent leak blockage does not readiiy occur,
but a phenomenon of rapid initial partial blockage has been Identified.

6.4.4

Carbon in sodium

At BNL a model has been developed for carbon transport in austenitic steel sodium circuits
and the effects of input assumptions on predictions are being assessed by comparing w ith loop
carburisation test data. The modelling exercise indicates the importance of the effective diffusion
coefficient of carbon in steels (Dc) and studies are in hand to ascertain the factors influencing the
value of Dc and the carbon profiles resulting from carburisation and décarburisation of steel. These
profiles are affected by the degree of carbide precipitation and a theory for this precipitation, based on
carbon diffusion to grain boundaries has been developed which agrees w ith thermal ageing data.
Based on this theory a carbon profile model is being developed.
Studies on interstitial element transport in 316/9Cr-1 Mo steel systems have yielded informa
tion on the thermo-dynamics of this process, and the effect of sodium-oil reaction products on the tw o
steels has also been investigated.
The effect of calcium impurity on sodium carbon activities has been quantitatively determined,
and the observed increases in carbon activity w ith carbon concentration, following calcium removal
from solution, support the hypothesis that carbon is dissolved in sodium as a diatomic species.
Surface and bulk carbon levels produced in 316 steel by adventitious carbon ingress to a fast
reactor primary circuit have been predicted using a previously developed carbon transport model.

6.4.5

Gettering studies

The kinetics of gettering of oxygen and hydrogen from solution in sodium by foils of uranium
and yttrium respectively have been studied at Berkeley using electro-chemical oxygen and hydrogen
meters. Both processes appear to be controlled by the rate of mass transfer of the non-metal from
solution in the liquid sodium to the metal foil surface across a stagnant boundary layer.

6.5

Sodium leaks, fires and aerosols

To gain further basic understanding of sodium fire phenomena, small scale experiments have
continued at BNL. The nature of sodium combustion has been compared w ith that of potassium and
sodlum-potasslum alloy. Although ignition temperatures differ, burning rates and resultant smoke
fractions were found to be similar. Layers produced (in addition to oxide) on the burning metal were
found to contain carbon, calcium, oxygen and silicon. Vapour jet flames of sodium, potassium and NaK
vapour have been studied and charge densities of ~ 10l8io n sm 'J have been measured.
CEGB have tested the corrosive effects of chloride- and carbonate-based fire powders on 316
type stainless steels. Rapid corrosion occurred with chloride powders, especially at weld areas,
whereas at comparable temperatures (600-650°C) corrosion by carbonate powders was considerably
reduced.
Chemical and physical studies of fire aerosols are in hand at Winfrith. Chemical analysis
techniques are being investigated to monitor aerosol reactions w ith atmospheric constituents and
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differential thermal analysis appears to offer a promising technique in investigating reaction kinetics
in the Na0x/N a0H /N a2C03 complex. Physical analysis work continues, currently directed towards
production of monodispersal aerosols for sizing instrumentation calibrations.

6.6

Sodium vapour, heat and mass transfer

Studies continue at AERE on the heat and mass transfer of sodium vapour across a fast reactor
cover gas space, particularly using water/air analogue techniques to study specific geometries.
Agreement between predicted and experimental values of mass transfer to a cooled roof from 2
concentric pools was reasonable though some dependence of experimental data on the thermal
properties of the roof is being investigated. Work continues on transfer studies into cylindrical
geometries above a hot sodium pool. The experimental data have been compared w ith theoretical
calculations based on the code to be used for design purposes, and correction factors obtained. To
date Rayleigh numbers have been 3 orders of magnitude lower than for COFR but larger diameter tube
tests are planned for measurements with Rayleigh numbers closer to reactor values. Heat and mass
transfer measurements are also being made in an annulus rig, varying the hot plate driving temperature
and the wall temperature distribution. Very little gas convection occurs with an annular gap of 10mm :
further tests Will be m a d e using larger gaps and with gap eccentricities.

6.7

Water circuits

Problems have been encountered over the past 12-18 months on the PFR feed water treatment
plants, due to surges in organic impurity levels. These have adversely affected quality/quantity control
of the boiler feed water due to fouling of ion exchange resins in the various water treatment plants.
Work at Aberdeen University has been carried out to characterise the organic species in the units'
feed and product waters. In conjunction with this work, the performances of different resins have been
evaluated on a laboratory test rig. Further selections of the more suitable resins w ill be submitted to
full-scale plant trials.

The PFR driver fuel reached a peak burn-up of 6-7% by heavy atoms by February 1980. This
is the 325 pin style, supported by grids, in wrappers w ith 142 mm across-flats. The bulk of the fuel is
in the form of annular pellets w ith a nominal 80% smear density, but vibrocompacted fuel is also
included. The wrappers for the driver fuel are made of either cold worked 321 type steel or from
Nimonic PE16; cladding is cold worked M316. No failures have been detected in the driver charge,
which has now over 5000 pins at above 5% burn-up.
The management of the PFR fuel entails the calculation of length, bow and dilation in the subassemblies and other core components for a range of possible materials properties, and the calculation
of stresses in parts of the support structure. Working lim its are set on all of these (and derived)
quantities. If the lim its are likely to be exceeded during a planned run, then some action, such as
rotating the sub-assembly, or making a specific monitoring measurement is undertaken. To date, over
60 rotations of sub-assemblies have been undertaken w ith no difficulty. Part of the experimental plan
is to allow substantial bows to develop at the head of some sub-assemblies to accumulate data both
on void swelling and on the effect of restraint. The measured data acquired at the last reactor shut
down have justified proceeding further, retaining the bulk of the present fuel charge for further
irradiation.
An experimental demountable sub-assembly has been removed from the reactor at 10 8% burnup with no indication that any of the pins has failed. Posbirradiation examination w ill be undertaken
in due course.
In last year's report, mention was made of two experimental assemblies which had given failure
signals at low burn-up. The demountable sub-assembly which was one of the tw o assemblies has been
taken to the caves and subjected to some examination. Only one of the pins has failed by cracking
mode which has exposed a very limited surface area of fuel. Previous work in DFR would lead to the
expectation that the failed pin could be left for a protracted period in the reactor w ithout concern.
Control and shut off rods and their guide tubes have been removed from the reactor without
difficulty. The items of especial interest for such rods if swelling and gas release in the absorber
material and distortions and dimensional changes in the rods and guide tubes.
It is o f interest that in a few ¿ases it has been necessary to adjust the position of the charge
machine to engage on a core component planned for discharge. These adjustments, made from a
consideration of the calculated displacements using the code CRAMP, have in all cases enabled the
object to be engaged straightforwardly. The calculated discharge loads and semi-permanent structural
loading of core components have been kept comfortably w ithin the capacity of the handling machines
and their design limits; actual experience is consistent w ith the predictions.

7.3

7.
7.1

Irradiations in the PFR

Cover gas clean-up studies

Following equilibrium studies to measure charcoal adsorption capacities for krypton and xenon
in argon, it has been demonstrated that xenon adsorption is virtually unaffected by changes in argon
pressure ilO ’ Pa to 1-3 x 105Pa), by the presence of 2000vpm nitrogen, or by the additional presence
of krypton at one-tenth the xenon concentration. Comparisons of the adsorptive capacity of different
charcoal samples from the same batch or material from different types o f charcoal from the same
manufacturer show only slight variations (~ 10%). Equipment is almost ready for fixed bed dynamic
adsorption studies to be performed.

6.8

7.2

FUEL DEVELOPMENT

Introduction

There have been three focal points in the last year's studies, obviously amongst a much larger
range of investigations. These are the distortions and resultant loadings occurring in the PFR; the
evolution of the gel precipitated fuel strategy; and the development and selection of cladding and subassembly structural alloys for both PFR and CDFR. Substantial additional studies have been concerned
with fuel design for ease of reprocessing; fuel design to ameliorate reactor structure design tasks; and
the exploration of advanced fuel concepts with a potential for lower fuel cycle cost.

CDFR fuel design

The experience to date with PFR fuel has not pointed to any weaknesses which require redesign
but the CDFR target burn-up level of 10% has not yet been reached In a representative and large
scale manner. Attention is being given to the calculated distortions and associated loading of the
CDFR fuel design with a restrained core w ith tw o restraint planes: for this the code CRAMP is being
used. The calculations are taking account of the refuelling operations which are likely to be used in the
reactor.
Consideration is being given to changing from the PFR s u p p o r t style, which uses sub-assembly
carriers which plug into the inlet coolant plenum, to a method by which the sub-assemblies are
supported individually.
A reactor design task is the detailing of the above core structure such that the thermal fluctua
tions and shocks arising from reactor operation can be accommodated by the structure without

unacceptable damage occurring. One avenue to ameliorate the thermal striping problem at source is
to reduce the temperature differences between sub-assemblies, especially at the core blanket boundary.
A number of design details and operational routines have been examined in this context, includ
ing magnetic flow gags, mechanical adjustable gags and fuel shuffling. Experimental work undertaken
on the magnetic gag has indicated that it is a feasible proposition (see Section 4.3.2).

7.4

Fuel cycle

From a large scale fabrication point of view, it is suggested that the gel precipitation route for
producing spheroidal mixed oxide granules from a nitrate feed solution has advantages over power
precipitation routHs. A favoured pin filling route is to use this material in a 2-component vibrocompacted column. Material suitable for irradiation has been prepared at Harwell, canned and inserted
into the PFR. The salient objectives of the development programme on this item are to examine the
behaviour of the gel precipitated fuel as a material, and to determine the maximum linear rating at
which the concept is likely to be acceptable. A large scale supply of the material w ill come from a
plant currently being commissioned at Windscale.

7.5

Clad and structural alloys

The performance of stainless steels of the M 3 16 and 321 compositions in the PFR has been
substantially in accordance with expectation from the irradiations carried out in DFR and in simulation
trials. Value Is attached in the UK to the use of simulation experiments for specific comparative sorting
purposes. In this general composition range, the UK is continuing an interest in a 316 steel alloyed
w ith silicon and titanium, in the niobium stabilised steel which, it is noted, is of general interest to fast
reactor programmes around the world.

8.
8.1

REPROCESSING

Reprocessing of PFR fuel

The plant at DNE is being prepared to reprocess irradiated PFR fuel In the near future. As part
of the planned programme of commissioning, the reprocessing of 0-7 5 t of DFR highly enriched uranium
molybdenum alloy fuel has been successfully completed. The new sections of the plant used in the DFR
campaign (i.e. from the preparation of the clarified dissolver liquor onwards) have performed well
confirming satisfactory plant operating conditions and performance including, for example, the high
speed centrifuge to separate the fission product insolubles from the dissolver liquor and fluidic transfer
systems.
Commissioning of the parts of the plant not used in DFR fuel reprocessing is continuing. The
sub-assembly dismantling route requires the use of a laser to cut the wrapper to expose the ends of
the fuel pin and to cut the wrapper and grid into suitably sized pieces for waste disposal. Commission
ing of the laser and its associated equipment is proceeding well. Some problems, notably cave
machine control and the overlong shear machine cycle time, occurred during the commissioning of the
pin pulling equipment; solutions have been developed and satisfactorily demonstrated inactively.

8.2

Reprocessing developments
The objectives of reprocessing development in support of a fast reactor programme include:
(a)

design endorsement, monitoring and development of the PFR core fuel and radial blanket
flowsheet, plant and equipment.

(b)

generic programmes to provide:

(i)

design information for a reprocessing plant required to demonstrate the capability
and reliability of providing fuel for a CDFR by demonstrating specific unit operations
at scales equivalent to those required for a future larger plant or having reliable
"scale up" capability.

(Ii)

to examine methods of reduction of waste arisings from reprocessing and treatment
prior to storage or disposal.

Theoretical studies and experimental programmes have been defined and are being imple
mented to meet the above objectives.
Heat transfer calculations related to the CDFR irradiated fuel sub-assembly during the dis
mantling process have shown that, in air, forced cooling w ill be required at a decay heat level of above
4 kW and that a considerable reduction in cladding temperatures can be obtained by handling in a
helium atmosphere.
A study of the removal of sodium from irradiated sub-assemblies has concluded that, for the
heat ratings of CDFR fuel, advantages could be obtained by using an inert gas/vacuum distillation
system. A feasibility study and small scale experimental work are in hand to enable a decision on its
further development to be made later this year.
The possibility of removing pins from the sub-assembly before cropping to minimise dissolver
and waste treatment problems is being examined as a first priority and the dismantling of PFR fuel w ill
provide valuable information on this process. Experimental work and close liaison with fuel designers
on the introduction of new concepts in fuel design such as grids, grid supports and pin fixtures and also
the use of materials which exhibit differential behaviour under conditions of electrochemical attack,
encourages the hope that pins may be withdrawn from the sub-assembly wrapper in one simple opera
tion for subsequent comminution.
The massive shearing of fuel assemblies, with or without wrappers, is being examined as an
alternative to the currently preferred pin pulling and cropping methods. Exploratory work using a
vertical shear and an "alligator" shear on both U0¡ and glass pellets w ithin the stainless steel pins is
showing encouraging results. Further work in association with fuel dissolution trials w ill establish
criteria for acceptable limits on the end closure of the cropped lengths of fuel pin and the production of
fuel fines.
Dissolution tests on unirradiated co-precipltated and physically mixed U /Pu02fuel has indicated
that fuel with higher levels of Pu content is more difficult to dissolve in around 8 M boiling nitric acid
and that the type and quantity of insoluble residues may be related to the fuel particle size.
The application of pressure cycling to the dissolution process is being examined in an attempt to
enhance the rate of dissolution of fuel contained in stainless steel hulls, particularly where the access of
acid is limited or gas logging occurs. Preliminary results from small scale laboratory experiments show
that under certain circumstances the rate of fuel dissolution can be increased by pressure cycling.
The use of a magnetic method of removing the insolubles from the dissolver liquor prior to feed
ing to the solvent extraction process is being examined; results from tests in a 0-5 tesla magnetic field
using a filter (which can be readily cleaned) show removal efficiencies of up to 99%, in a filter about
one-fifth the length of a similar mechanical filter.
A survey of the solvent extraction flowsheets, based on the PUREX system, has indicated that
fast reactor fuel reprocessing Is subject to constraints similar to those for thermal reactor fuel reproces
sing and. together w ith the considerable experience available, concludes that many of the features of
thermal reactor fuel reprocessing flowsheets should be retained.
The possible use of pulsed columns for U/Pu fission product separations is being examined,
requiring the measurements of U and Pu mass transfer rates in TBP nitric acid systems, relevant to

pulsed columns design and the evaluation of U-Pu separative techniques to minimise waste streams
containing salts.
In order to improve on the control of gaseous releases to the atmosphere from a once-through
ventilation system, theoretical and experimental studies are examining the feasibility in a closed cycle
system of C02 condensation and evaporation to provide atmospheric circulation. Experimental
examination of the condensing and evaporating characteristics of CO¡, the form of the condensed layer
and the effects of non-condensible gases has indicated the viability of the concept.
Solvent treatment processes are being developed for the removal of degradation products and
associated fission products from the stripped solvent to allow solvent recycle. Experiments using the
solid absorber hydrated titanium oxide to clean up the solvent have shown improved decontamination
from Pu degradation products and fission products compared with the conventional alkaline wash
processes; design and chemical engineering development are in hand w ith the intention of using the
process in the PFR fuel reprocessing plant.
The development of ultrasonic techniques to assist in the decontamination of dismantled equip
ment and sub-assembly components which have not been in contact with fuel has shown advantages
over conventional washing methods. An ultrasonic bath is currently being installed in an active cell
for the decontamination of cell equipment prior to disposal and when PFR irradiated fuel hulls become
available, decontamination based on the use of ultrasonics and of electrochemical techniques w ill be
studied.

9.
9.1

tackle this problem making rather different assumptions to each other, but all conclude that the result
ing mechanical energies, although significant, are not at a level seriously to challenge the primary
containment. The reasonableness of the various assumptions is being examined w ithin the UK.
One result of the Three Mile Island incident is a closer examination of possible reactor faults
which stop short of an energetic melt down. A search to identify such faults on fast reactors is in
progress.
A t the ANS/ENS Fast Reactor Safety Technology Conference in Seattle, a claim was made that
the use of primary sodium circulating pumps having a long run d ow ntim e enables the reactor to w ith
stand an incident whereby all power supplies to those pumps are lost and the reactor fails to trip. This
advantage arises because the delay permits the control rod supports to expand and partially insert rods
into the core. There is also expansion of the core and diagrid which produce negative reactivity effects.
A similar favourable reactor response has been noted for PFR and provides an additional safety factor,
even though the faster pump rundown time limits the full protection effect to certain power levels and
certain portions of the irradiation cycle. The advantage of this extra safety is limited to situations for
which ample protection facilities already exist and it may not be worth distorting future CFR designs in
order to accentuate this feature.

9.2

Fuel failure

9.2.1

Analysis of fuel failure experiments
The work of this subject has covered 3 international collaborative in-pile experiments;

SAFETY

(i)

CABRI:

the KfK-CEA programme in which the AEA is a junior partner.

(ii)

PINEX:

the US benchmark experiments in TREAT for which predictions were sub
m itted and found to be in reasonable agreement w ith post-test examination.

(iii)

PFR/TREAT: for which an agreement for a joint irradiation and test programme has been
signed.

General survey

Particular attention has been paid to the criteria to be used for acceptability. The use of risk
assessment and probability analysis techniques is generally agreed, but it is recognised that the
margins of uncertainty and confidence may be quite wide, especially at the lower probability levels.
The aim is to reduce the probability for a serious but essentially contained accident to around 1СГ4 per
reactor year, and to 1 0 '6 or less per reactor year for an uncontrolled major release from the core. There
would also be such further reduction of risk from major accidents as may reasonably be provided by
containment. To meet the above objective on whole core melt-down probability, the probability of any
given single accident progression leading to a melt-down would have to be of the order of 10"’ per
reactor year. A study of potential accident development modes indicates that such a figure should be
attainable. One aspect requiring further detailed attention is the structural integrity of the core support.
The CEGB have presented a paper giving the design criteria against seismic events for future
AGRs and it is likely that CFRs will be designed for the same safe shutdown earthquake level. This is
to withstand a horizontal ground acceleration of 0-25 g without the safety functions being impaired.
In order to simplify the design process, the concept of a design basis earthquake has been introduced.
This stipulates tbat all relevant components must stay within their elastic response regime for a hori
zontal ground acceleration equal to half the specified safe shutdown earthquake le v e l .
A contract has been signed w ith USDOE agreeing to irradiate US and UK pins in PFR with an
agreed programme of subsequent testing in TREAT. The general behaviour of fuel pins under rapid
transient melt conditions is important in predicting the energy yields from whole core accidents.
Experimental and theoretical investigations continue to show that the nuclear mechanical energy yield
in such a process is likely to be small and attention is now being directed towards the eventual probable
modes of dispersion of material from a boiling core.
Attention has turned towards the possibility of sodium vapour being rapidly generated during the
melt down process and acting to produce an energetic disassembly. French, German and USA codes

\

9.2.2

Wrapper fracture

The irradiation-induced loss of ductility of wrapper materials may render them susceptible to fast
fracture under abnormal loading conditions. Notched subsize fracture mechanics test pieces have been
remotely machined from highly irradiated 321 steel obtained from a DFR control rod carrier and are to
be tested at elevated temperatures (400°-500°C) in an instrumented impact test facility. A prerequisite
of the test procedure is to introduce a fatigue crack below the root of the notch. A miniature high cycle
fatigue test facility has been adapted for remote operation and set up in cell together w ith an electronic
crack measuring device. A test procedure has been evolved on trial active specimens for fatigue crack
ing and the precracking of the test samples is proceeding.

9.3

Sodium boiling

9.3.1

Sodium boiling theory

Development and applications work have continued on both SABRE, the code used for m ulti
channel analysis and NASLIP, used for analysis of single pin rigs. Work has now reached a stage
where, in single phase, reliable production v e r s io n s o f SABRE with s e v e r a l g e o m e t r y options such as
wire wraps, spacer grids, pin bowing are available and in regular use. A transient version of SABRE is

107
also being developed. Full representation of thermal capacity and conductivity of pins are included and
also the 2-phase region is treated as compressible. Boiling and flow reversal have been successfully
treated.
Under the KNS/COVA agreement, analysis of the KNS sodium boiling experiments has con
tinued, using the SABRE code. An analysis of general sodium boiling conditions has also been made by
CEGB Berkeley Laboratories which suggests that dryout occurs at the stage where intense vapour
flows within the boiling region are sufficient to disrupt the liquid film flow on the fuel pins.
9 .3 .2

L o w

f lo w

s o d iu m

b o ilin g

e x p e r im e n t

An experiment has been proposed orientated to a study of sodium boiling conditions at decay
heat flux levels. The experiment, which would include the main features of gridded sub-assemblies, will
produce basic data for several safety situations.

9.4
9 .4 .1

a n d a s s o c ia te d

w o rk

Experiments in the Visual Flow Rig were undertaken to determine the pressure loss caused by
the pin support grids and by the blockage itself. The experimental values of grid pressure loss have
been shown to compare well with those which are predicted using a simple model of the hydraulics of
the pin grid assembly. Certain inconsistencies in some of the friction factor determinations made
previously have led to a theoretical investigation of the variation of friction factor w ith subchannel
geometry.
Work on the 11-pin linear test section in the Low Pressure Water Modelling Rig has continued
and a number of boiling runs have been completed, ranging from "incipient" boiling, in which vapour
is produced in the wake region and extends downstream before collapsing completely, to more
developed boiling in which a substantial part of the wake is permanently occupied by boiling liquid.
9 .4 .2

B lo c k a g e

fo r m a tio n

Blockage formation studies using a 7-pin test section containing CDFR-style grids have shown
that only particulate material of about 1 mm size and above is effective in forming a blockage. Using
sand as the test material, the work has confirmed Schultheiss' conclusions that blockage growth tends
to be in the radial r:?her than the axial direction. Further experiments have also generally supported the
hypothesis that the radial dispersion of initial particles released from a fuel pin is characterised by a
Gaussian distribution.

9.5
9 .5 .1

Instrumentation
A lte r n a tiv e

s h u td o w n

( A S D ) - r o d p o s it io n

9 .5 .2

A c o u s tic

d e te c tio n

o f b o ilin g

Work on pump noise is proceeding at 3 places. A t Northern Engineering Laboratories (NEL) data
from 3 similar pumps has been reviewed a n d conclusions drawn on the effect o f pump design para
meters on noise scaling under cavitating and non-cavitating conditions. At Weir's of Alloa, RNL have
recorded noise from rubbing seal cavitation in a model CFR pump in order to determine the signifi
cance of seal cavitation in overall pump noise performance. At RNL, noise measurements have been
made during the sodium commissioning of HTSL to compare the pump noise performance in sodium
with previous results obtained when the loop was filled with water.
A long-term, automatic data collecting equipment is proposed for the PFR in 1980, which w ill
provide statistics of acoustic noise as seen by the existing detection system and sample signal records
with which detection techniques and hardware can be improved. A rig is under construction for instal
lation in the PFR containing 2 microphones designed to work w ith the reactor at power.

Sub-assembly blockages
W a t e r m o d e llin g

some of which w ill be due to flow, vibration and relative motion of the transducer and reflector. A full
scale test in water of the ASD system, incorporating the ultrasonic detection, is due to be carried out
in 1980.

in d ic a to r

The feasibility is being examined of an ultrasonic system to get a positive and continuous indica
tion of the position of the CDFR Alternative Shutdown Rods. In this system a high temperature
immersed transducer, located at the bottom of the ASD resetting tool, is to be used both to generate
the ultrasonic signals and receive the echoes reflected by a target machined into the top of the ASD
absorber rod. Development of a high temperature transducer is proceeding, lithium niobate crystals
having been succssfully bonded to the transducer diaphragm. Development work is also proceeding on
ASD target design and data processing to extract the low level echo signals from the background noise.

9 .5 .3

T e m p e ra tu re

n o is e

A theoretical study of temperature noise, as a means of blockage detection in fast reactor subassemblies based on a random walk model of the turbulent flow, has been made. The computer code
developed from the model has been refined to include spatial variations of velocities and correlation
lengths. A new hot water injection rig is being designed which w ill enable velocities and temperatures
to be measured in much more controlled conditions.
9 .5 .4

DFR

s p e c ia l e x p e r im e n ts

The analysis of the detection of coolant boiling in the DFR Special Experiments by temperature
noise and acoustic noise has continued. Both techniques gave an unambiguous indication of the onset
of boiling by a steep rise of signal.
9 .5 .5

D e v e lo p m e n t o f s u b - a s s e m b ly in s t r u m e n t p a c k a g e

The Sub-Assembly Instrumentation Development Test Section on the RNL Sodium Pump Test
Rig has now been completed and commissioned. This Test Section simulates 2 CDFR sub-assembly
outlets (one adjacent to and one remote from a control rod position) w ith the appropriate boundary flow
conditions. Transients of flow, of temperature, or a combination of both can be generated at either
sub-assembly outlet. The object of this Test Section is to study transient response, signal-to-noise,
cross-talk and errors due to structural distortions. Typical values of total temperature noise were also
recorded for use on a proposed design of computer-based temperature trip handling system.
A proposal for the irradiation of co-axial thermocouple ropes in PFR has been made. The design
of a sodium facility for insertion trials of thermocouple ropes into simulated CDFR guide tubes has
commenced.
9 .5 .6

P r o c e s s in g

o f s u b - a s s e m b ly s ig n a ls

Parallel developments of hardwired and computer-based protection systems have continued,
the underlying objectives being: to design, build, test and demonstrate hardware capable of fulfilling
the requirements arising from the need to handle the thousands of sub-assembly thermocouple signals
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both safely and with adequate availability. Theoretical work has shown that such exacting reliability
requirements can only be satisfied with hardware having self-diagnostic properties, hence an important
factor has been to d e s ig n -in such properties at all stages of the chain of hardware concerned with
multiplexing, signal transmission, trip algorithm execution and decision logic using both computerbased and hardwired methods. Sufficient progress with design and development work along these
lines has been made to warrant the construction of a signal processing rig in which representative
hardware would be constructed and operated in appropriate environmental conditions.

9.5.7

Pulse-coded logic (PCL)

Existing demonstration systems in the reactors DIDO. BRADWELL and OLDBURY continue to
operate satisfactorily and are seen as useful steps in the direction of showing the suitability of PCL for
use in future reactor systems, particularly where self-diagnostic features are required.

9.5.8

Computer-based system

A conceptual design of a system has been completed and some progress has been made in the
detailed design and laboratory testing of some critical components. The underlying principle is that the
pattern of inputs determined by the multiplexer wiring is conveyed right through the computer system
and ultimately recognised by hardwired logic at the system output. The underlying objective is to
institute -self-diagnostic, fail-safe operation independently of software or hardware failures or wiring
errors.
Particular consideration has been given to the specification, design and implementation of
computer-based reactor safety systems, in which additional constraints are placed on the means by
which fa jlt-tolerance is achieved. It has been shown that the basic functions of the system can be
partitioned simply in such a way that implementation of the system using microprocessors is feasible.
A theory has been developed for analysing the availability and safety of such a system, so that different
possible architectures can be compared. A self-checking dual-processor has been developed for use in
this type of system and an efficient coding technique has been established to provide reliable data
transfer.

9.5.9

Sub-assembly faults: Related phenomena

W ith regard to reactivity anomaly detection, a simulation of PFR plus an anomalous reactivity
calculation system (containing a dynamic reactivity model) has been set up. It is now recognised that
the im portant parameter is rate of change of anomalous reactivity, and this may be measured by using
a reactivity model with a moving base for anomalous reactivity.
Low frequency temperature noise has been shown to undergo significant changes in rms value
and amplitude distribution during an aporoach to sodium boiling in a sub-assembly. The associated
algorithms are amenable to microprocessor solution and a conceptual design for a suitable on-line low
frequency temperature noise monitor has been produced.

9.6

Possible energetic molten fuel/coolant interactions (MFCI)

9.6.1

Metal/water experiments in THERMIR

As another guide to fragmentation mechanisms, extensive analysis of the debris from THERMIR
experiments has been carried out. This shows a very fine structure of the order of a few microns in
size within the individual debris particles. The form of debris (coke-like structure) is suggestive of some
vapour collapse process being responsible w ith both aluminium and tin, but in the latter case a plate
like structure suggesting boundary layer stripping occurs in some interactions.

9.6.2

The first phase of the experimental programme in water has now been completed. In this work
the dispersion of the molten U 02 into the water in the rig vessel was controlled by variation of initial
rig pressure and initial cover gas volume. Four different types of interaction between U 02 and water
have been identified, and i-t has been shown that an MFCI sequence of mixing, trigger and interaction
can take place in a UO¡/water system. The effect of water temperature and sub-cooling is being
investigated.
Work in sodium has paralleled that in water, and sodium temperatures up to 500°C have been
used. To date some 20 charges have been fired successfully and although no energetic MFCI type of
interactions have been observed, some evidence of very mild interactions has been obtained.
The new facility for assembling and firing up to 20 kg thermite charges has been completed.
The rig w ill be Used initially for the development of 5 kg charges and for studying the effect of sodium
entrapment in molten U 02. The case for the provision of large Molten Fuel Test Facility (MFTF) has
been reviewed and approval confirmed. Operation is scheduled for Autumn 1982.

9.6.3

Detonat[on model

Work on the detonation model of MFCI has continued and a large potential influence of ambient
pressure bn the propagation of MFCIs has been identified. A t CEGB Berkeley Laboratories a series of
long tube experiments using 2 to 3 kg of molten tin in water has been concluded and the results com
pared w ith the predictions of the detonation model. The deduced rate of fragmentation appears to be
somewhat faster than expected from the hydrodynamic mechanism along. An experiment to study film
boiling between molten U 02 and sodium has been designed and constructed by CEGB, Berkeley.

9.7

Core dynamics

9.7.1

Small M F C I in a sub-assembly

Tests representing an MFCI which burst the wrapper and so released gas into the inter-wrapper
space show that, after an initial outward movement, a free-standing core could spring back to reach a
higher reactivity. The introduction of leaning posts substantially reduced the magnitude of motion in
the 'petalling’ mode without diminishing the coherence of sub-assembly movements. The compaction
effect of off-centre energy releases is being considered.
Experiments have been made in which the sub-assemblies had representative bending stiffness.
It was clear that these sub-assemblies responded significantly in the first bending mode as well as by
petalling. This w ill be investigated further in the context o f restrained core designs.

9.7.2
Further experimental work on THERMIR on the propagation stage of thermal interactions
between molten tin and water has shown that the front propagates as a shock wave. W ith this equip
ment similar observations have been made of the propagation of an interaction through a mixture of
aluminium and water. As expected, both peak pressure and propagation velocity were higher in this
system.

Studies using thermite charges to produce molten иОг

Large M F C / in a sub-assembly

Experimental work on the crushing characteristics of sub-assemblies under MFCI pressures
proceeds slowly owing to the difficulties of procuring brittle materials of a reproducible nature simulat
ing irre .Hated wrapper material. The heat treatment route has proved satisfactory for 5% ductile
wrappers but the properties at high strain rates may not be satisfactory.
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9.8

9.8.1

Nuclear excursion yield

Development of methods for whole-core accident investigations

CEGB have performed simulant fluid experiments to investigate the instabilities and entrapm ent
of a liquid from the interface of a rapidly expanding whole core accident bubble. Preliminary results
indicate the growth of large-scale instabilities.
Application of the issued version of FRAX, (FRAX-2), has brought to light various anomalies and
problems, so that an important part of the work over the last year has been the resolution of such
difficulties. The updated version is now a valuable code and this is being demonstrated in compaiisons
with other countries' codes carried out by the EEC Whole-Core Accident Codes group (see below).
The PINEX-AR code, which was originally developed in the UK for use in the analysis o f the
PINEX-2 international benchmark experiment, has been greatly extended. Improvements in the
modelling include turbulent flow of the fission-gas/molten-fuel mixture along the fuel pin central hole,
intergrain fission gas flow, the transient freezing of the molten-fuel/gas mixture along the central hole,
and the effect of Caesium upon the fuel gas pressure in the molten fuel.

9.8.2

Accident code development and use

Work has been carried out on the safety implications of simultaneous seizure of ail pumps,
assumed to arise as a consequence of an earthquake. The study showed that progression to core melt
down would be inevitable, even though trips are operation, if an assumption of extreme flow rundown
(from full flow to 5 per cent full flow in one second) is made.
Further work up-dating a slow transient-over-power (TOP) fault (0 03 $/s ramp) is tending to
confirm previous predictions of top-of-core failure positions in irradiated pins. This leads to predictions
of low energetics for the accident. An up-dating of a previous fast TOP study (2 5 $ /s ramp) indicated
significant reductions in yield due to the incorporation of more realistic pin failure criteria. An examina
tion of spatiai kinetics effects has shown that the use of point kinetics in FRAX pre-disassembly calcula
tions is adequate.
The UK has continued to participate in EEC activities through membership of the Expert SubGroup on Whole-Core Accidents. The results obtained by the European participants for the clean core
TOP study are in reasonable agreement for total energy and excursion yield. A new exercise has now
started for a 2-batch beginning-of-equilibrium-cycle irradiated core model.
Full 3-dimensional calculations of the sodium-voiding effects for CDFR in its equilibrium burn-up
condition have been performed to provide a mapping of the reactivity changes, w ith associated
uncertainties, for fast reactor safety studies. Work is continuing on the development of a recommended
method for calculating the effects of neutron streaming, because provisional estimates indicate that
the effects are about one-third of the heterogeneity correction to sodium-voiding effects.

9.8.4

An assessment has been made of the mechanisms of thermal transport in urania. It is con
cluded that the electronic mechanisms provide an important contribution to the thermal conduction
processes in both solid and liquid urania. The thermal conductivity of molten urania just above the
melting point is expected to be significantly greater than that for the solid.

9.8.5

Equations of state

Studies on the equation of state of urania have been essentially concluded w ith the presentation
of a complete data set. An analysis of the sensitivity of predictions of excursion yields to the uncertain
ties in the thermodynamic data of urania has been made. The formulation of the equation of state of
urania and plutonia solutions is based on an extrapolation of the chemical potentials of uranium,
plutonium and oxygen in the solid to the liquid state. Attention is also being given to the influence of
fission products on excursion yields; the effects of non-condensable gas bubbles and caesium are
being considered. A sensitivity study by CEGB indicates a dominant uncertainty is the specific heat
of molten urania which could lead to an overprediction of yields by a factor of about 2.

Transient release of fission product gases

Initial work with irradiated fuel taken from a sub-assembly irradiated in the DFR has been com
pleted. Samples from one fuel pin at 10% peak burn-up havá been examined. Transient heating in the
VIPER reactor to temperatures between 2 200 and 2400°K (600-700 J g '1) released 10% of the gas.
This amount of g a s is similar t o that expected to be held o n grain b o u n d a r ie s . The remainder of the gas
was released on melting but with a large quantity of non-fission product gases. The source of these
non-fission product gases has been investigated and can be attributed in these experiments to
impurities introduced during storage and handling of the irradiated fuel. Substantial improvements in
handling techniques have been made resulting in techniques which now generate impurities com
mensurate with the gas generation expected from the known impurities in the fuel.
The role of non-fission product gases in contributing to core dispersal may prove to be important
particularly at low burn-up before appreciable fission product concentrations have been generated.
Carbon o i a c a r b o n containing impurity may prove to be an effective s o u r c e . H o w e v e r , b e f o r e this
contribution can be guaranteed, the pressure generating species has to be shown to survive the irradia
tion process and the timescale of pressure generation has to be sufficiently rapid to be effective in the
accident.

9.9

Containment

9.9.1

Experiments

Code validation work has been concentrated on SEURBNUK. Analysis of the more complex
COVA experiments has been made possible by the implementation in SEURBNUK of a model for fluid
flow through permeable structures. SEURBNUK calculations performed for a large selection of the long
vessel (loop type) COVA experiments have illustrated the code's ability to reproduce the main hydrodynamic features and have demonstrated its viability for containment analysis.
Active collaboration w ith JRC Ispra and w ith Germany through the KNS-COVA agreement has
continued with the execution of an extensive programme of material testing of vessel materials at Isprái
Interatom and Aldermaston. The data are currently being processed and should resolve whether dis
crepancies in predicting strain levels result from uncertainties in the material data.

9.9.2
9.8.3

Properties of materials

Containment analysis

CDFR systems have been investigated, initially for 1 GJ energy yield excursions, arid roof impulse
and primary tank/roof loads have been obtained. The first studies have been of the effects of cover
gas gap and bubble pressure-volume characteristics. Analysis of the 1 /2 0 th scale CDFR model has
continued using both SEURBNUK and MODSIM (a 1 D hydrodynamic/structural code).

9.9.3

Accident containment theory

The development of the explosion containment codes ASTARTE and SEURBNUK has continued,
most effort being applied to SEURBNUK in response to the high level of usage of this code.
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Enhancement of ASTARTE has been achieved by the provision of an ancillary re-zoning facility
so that problems involving flow distortion can now be handled, and by the revision and correction of the
provision for calculating the motion of elastic plastic structures. A new edition of the code incorporat
ing these features has been issued.

debris barriers within the reactor vessel depends on the rate of melt-through of steel structures and the
coolability of particulate beds under sodium. Work on the development of a satisfactory model to
predict the dryout and subsequent behaviour of particulate beds of U 02 and steel under sodium is in
progress.

Development of SEURBNUK is being pursued in co-operation w ith JRC Ispra. The main
advances during the year were the consolidation of the treatment of porous materials and the introduc
tion of the finite element code EURDYN into the code to provide a more advanced structural capability.

The constitution of molten irradiated oxide fuel is not single phase, but segregation of phases
containing fission product elements can occur. Experimental studies have verified this. The influence
of the presence of stainless steel and uranium carbide have also been investigated. Stainless steel is
immiscible w ith liquid oxide but dissolves some of the fission product elements. If a carbide breeder
were used the constitution of the debris would be markedly altered; uranium and plutonium could be
segregated with the fission product elements and stainless steel. The presence of carbide would also
result in the formation of carbon monoxide gas.

The work of the EEC Expert Group on Containment Loading and Response has been actively
supported during the year, particularly with the associated study contracts on computational fluid
dynamics and on unsteady flow through perforated plates. Early submissions to the international code
comparison APRICOT exercise have been supplemented by a calculation of problem 7 using the
ASTAR"! t code, and calculations or problems 4, 5 and 6 using the SEURBNUK code. Performing these
calculations provided a worthwhile return in developing calculation expertise.

9.10

Missile studies

The compressed air missile launcher and its associated transient measurement acquisition
equipment have been successfully commissioned, and an initial series of experiments has been com
pleted. This has tested the repeatability and effect of manufacturing variations on the performance of
reinforced microconcrete targets when impacted with deformable missiles. The effects of variations of
the impact load-time function on target behaviour have also been investigated, and comparison of the
predictions of the SARCASTIC finite difference computer code with experimental results are in hand.
Collaborativo experiments with France to test the applicability of similitude theory to impacts of
rigid missiles with reinforced concrete structure are under way, and collaborative experiments with
Germany are now in progress also.
Experiments on the impact of rigid missiles with metal target panels have continued using the
drop test technique, and measurements of both static and dynamic performance have been compared
with predictions of the EURDYN 02 and CADROS computer codes w ith encouraging results. Interest
in the performance of metallic barriers w ithin the nuclear industry has led to a programme of experi
ments, due to start in the immediate future, on metal targets using the compressed air launcher to
increase missile impact velocities to cover the range up to 250m s"1.

9.12

Active gases and aerosols

Event trees have been developed covering the processes which eventually lead to escape of
noxious material from a damaged secondary containment, but laying emphasis on the initial transfer
from the primary. This has helped identify uncertainties, and the interfaces with other areas of accident
analysis. More attention is being directed towards events within the primary containment; for
example, an assessment has been made of the diffusion coefficient of sodium vapour in argon.
The Safety and Reliability Directorate (SRD) has contributed substantially to the CSNI document
"Nuclear Aerosols in Reactor Safety" and taken the initiative in directing CSNI attention to the question
of attainable experimental accuracy in this area. AEROSIM calculations have also been made in support
of US experimental work.
Progress has been maintained on the determination of the physical characteristics of nuclear
aerosols. Standard liquid aerosols are generated by means of a Collison-Whitby aerosol generator, and
the resultant aerosols are being used to calibrate and compare impactor designs for particle-size
analysis. A low concentration clay aerosol generator and a fluidised bed dust aerosol generator are
under construction to aid in the understanding and validation of specific aerosol analysis techniques.
Equipment is being modified so that it can be operated remotely to study primary UO, particles in the
size range 0 01 - 1 n n1-

10.
9.11

Post-accident heat removal

Emphasis has been given to establishing the scale laws for dryout in particulate beds. This will
enable a closer link to be maintained with the in-pile particulate bed experiments planned at Sandia
Laboratories in the USA and at Mol in Belgium which require interpretation, because of certain lim ita
tions such as bed diameter (less than 10cm).
The initial results from the Investigations into the reactions between basalt, concrete, MgO or
AI20 j with U 02 were presented at the PAHR meeting in Ispra in October. The assessment of these
results coincided with a growing awareness from the design point of view of the cost of sacrificial
material and accordingly the programme concentrated on the properties of concrete and the relatively
cheap refractory alumina. Further experiments confirmed the rapid dissolution o f U 02 at 2000°C by
both certain types of concrete and alumina. The influence of aggregate on melt behaviour is being
investigated.
Work has continued at Culham on the characteristics of the molten pool which may be formed
as the aftermath of a meltdown accident in which the vessel is penetrated. The effectiveness of core

10.1
10.1.1

REACTOR PERFORMANCE STUDIES

Neutronics design data
Nuclear physics data

The new 136 MeV electron linac at Harwell was officially opened In July 1979. Commissioning
tests are now pearly completed and it Is hoped to start experimental work shortly. This w ill include
high resolution measurements of neutron cross-section data for various nuclides, part of which was
previously carried out using the Harwell synchrocyclotron which was closed down in March 1979.
Meanwhile, the analysis of capture cross-section data of Fe, Ni and Cr has continued. During
the year, significant advances have been made in understanding the response of the Harwell large
liquid scintillator to gamma-rays and scattered neutrons. In particular, its efficiency for the prompt
detection of scattered neutrons has been shown to be smaller than for similar detectors elsewhere and
this means that only small corrections to the Harwell measurements are needed for this effect. A timeconsuming part of the analysis of capture cross-section data has been the calculation of the multiple
scattering correction. Up to now, this had been done by Monte Carlo techniques but during the year
the programme REFIT, which obtains resonance parameters from transmission data by shape analysis,

Ill
has been extended to analyse capture cross-section data. An analytical method of calculating multiple
scattering corrections has been developed which is about 20 times faster than the Monte Carlo
method. The analysis of the Fe data is now virtually complete and the discrepancies in the resonance
parameters of the important 1.-15 and 27 keV resonances have been resolved.
The parameters obtained for the 1-15 keV resonance in !6Fe are now In excellent agreement
w ith values recently reported by the Geel Laboratory which were based on transmission measurements.
The programme to evaluate the neutron cross-section data of americium isotopes is continuing.
The data file on J41Am is now available in the UK nuclear data library and the document describing it is
being reproduced. Work has started on J,5Am. The work to measure the neutron yields from (a,n)
reactions in light elements has continued and some data are available in preliminary form.
A document summarising the Priority 1 nuclear data requirements of the NEA countries and the
measurement programmes in progress or planned has been distributed in a draft form for comment.
It is hoped that this will encourage international collaboration to meet these high priority requirements.
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C h e m ic a l n u c le a r a n d d e c a y h e a t in g

d a ta

The CASCADE computer code which generates usable radiation data sets from evaluated decay
schemes is now operational.
The UK Chemical Nuclear Data File, in ENDF/B-IV format, is probably the most up-to-date file
available anywhere and now contains UK evaluated data for:
(a)

fission yields

(b)

decay data for 91activation products of structural materials;

of

7

fissile

(c)

decay data for 67 heavy

(d)

decay data for over 900

(e)

delayed neutron data.

nuclides;
elements and actinides;
fission products;

Development and updating of the Chemical Nuclear Data File is continuing. Decay data for
heavy elements and actinides from !06Hg to J53Es are being evaluated and an evaluation of spontaneousfission data has been started.
The uncertainties associated with the decay schemes of many actinide nuclides are large.
Attempts are being made internationally to improve the situation as outlined at a recent Advisory Group
Meeting on Transactinium Nuclear Data held at Cadarache, France. Measurements have been started
on a number of nuclides of the half-lives, alpha and gamma ray abundancies, and branching ratios.
Gamma ray intensities of !,,Np have just been completed. The values have been correlated with the
latest UK evaluated decay scheme and agrée within its limited uncertainty of ± 10%. The decay
scheme of the beta-decay daughter product 233Pa is now almost completed.
New recommendations have been made on the calculation of decay heat from the fission of
H)U and o n the associated uncertainties. For decay heat of i!9Pu, considerably larger uncertainties are
proposed for the time being, because of discrepancies between different integral measurements and
between some of these measurements and calculations. Further work on JJ,Pu is to be done.

10.2

Experimental reactor physics

The UK/KfK BIZET experiments in ZEBRA have concentrated during the last 1^ years on the
study of 2 heterogeneous configurations which incorporate internal blankets w ithin the main fissile
region. Such cores offer the prospect of considerably reduced reactivity changes on loss of sodium and,
at the same time, potential improvements in breeding performance and (owing to the higher fuel
enrichment) a decreased damage fluence for a given burn-up. In the first assembly (BZC), the internal
blanket comprised a number of small islands distributed throughout the core while, in the second (BZD),
these were collected to form a single large central region surrounded by an annulus of fissile elements.
These 2 types of heterogeneity are characteristic of an alternative core design currently favoured.
Detailed measurements of reaction-rate distributions, control-rod worths and interactions,
sodium-void reactivity, and gamma-ray heating have been made in these 2 assemblies, and have
already provided much valuable insight into the comparative physics of the 2 types of heterogeneity.
In particular, while the small blanket Islands of BZC provide only a modest reduction in sodium-void
worth, a much more marked improvement is found in BZD as a result of the strong radial flux gradients
a c r o s s the fissile annulus.
However, the large central blanket in this core has the effect of making the power distribution
of an operating reactor undesirably sensitive to asymmetric perturbations, such as those caused by
control-rod movements and changes introduced through fuel management. Recent predictions suggest
that a core w ith a somewhat smaller central blanket w ill retain the favourable sodium-voiding charac
teristics but, because of the tighter neutron coupling, w ill have a power distribution less sensitive to
reactivity perturbations. For these reasons, a third configuration w ith a somewhat reduced central
blanket (BZD/1A) has also been included in the programme.
Both BZC and BZD are being studied In a rod-free reference state and also w ith control rods
partially inserted, in order to represent more closely power reactor conditions.
The BIZET assemblies have provided relevant neutron spectra for supplementary integral
experiments of the capture cross-section of !,)Am (in conjunction with Harwell) and activation data of
some typical fast reactor steels. Measurements of gamma-energy deposition using thermoluminescent
detectors w ill assist in the validation of the data and methods being applied to PFR predictions of
temperatures of demountable sub-assemblies, and to gamma-heating of blanket elements relevant to
temperature-cycling of the above-core structure.
Analysis of the measurements of beta-decay energy from fission of HiU and J39Pu in a fast
spectrum (PFR m o c k - u p ) h a s b e e n completed. Results f o r decay times of up to one year have
been compared with FISPIN predictions using the current decay data and yield recommendations.
Agreement to within 10% (absolute) over this period is found for both nuclides.

re a c to r

The techniques of sub-critical monitoring (sometimes called 'shut-down reactivity monitoring')
were evaluated in experiments in assembly BZB/3 of the BIZET programme on ZEBRA. The more
important new deductions from this work are:
(a)

24,Cm build-up in Irradiated fuel) agree very well. The variations between results for
detectors around the radial blanket, are no greater after the introduction of the source.

The recommended fission yield set was modified by inclusion of yields for Isomeric states and
the effects of these changes upon calculated decay heating studied.
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R e a c to r p h y s ic s d a ta lib r a r ie s

Eighteen dosimetry files, translated from the American ENDF/B-IV library, were added to the UK
Nuclear Data Library, together with the new file for 1(lAm already mentioned. Files for the !JNa (n. 2n),
J5C (n, p), " A r (n, y) and !0Cr (n, y) reactions have been compiled, but not yet added to the library.

Reactivities obtained by the modified source multiplication technique w ith the distributed
source alone and w ith the localised !SJCf source added at various positions (simulating

(b)

The change in count rates of a set of detectors distributed around the radial blanket/
reflector region produced by lowering a calibrated ZEBRA control rod in the presence o f the
distributed neutron source might be used to deduce the sub-criticality of the system to an
accuracy of 15% on a ppint-model interpretation, provided that calculations are made to
take account of changes in the worth of the rod.
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10.3

In applying the modified sourco multiplication technique with a detector located in the
outer radial reflector region, efficiency correction factors taken from source-mode calcula
tions for a point in the blanket along the same radius (using a truncated reactor model) may
be used, except where loading changes close to this blanket point are involved.

M ethods development

A paper at the Aix Symposium in September 1979 assessed the accuracy of the UK methods
and data used for the calculation of fast-reactor sodium-void effects. The assessment was made on the
basis of ZEBRA experiments and theoretical studies of other features such as the effects of operational
fuel temperatures. Adjustment factors and uncertainties for each reactivity perturbation term were
recommended as a result of this review. The factors applied to a conventional core at or above
operating temperatures and for all states of burn-up. They required the use of the FGL5 nuclear data
library and methods which include treatment for sub-assembly heterogeneity, diffusion-theory wholereactor fluxes and exact perturbation theory.
A comparison has been made of diffusion and transport theory calculations for a heterogeneous
core that might be considered by NPC for CDFR. The comparison of reaction rates for a 1-D cylindrical
model shows that there are appreciable differences in the inner blanket island for 2,9Pu (n, f), J)*U
(n, f) and »“ U (n, y ) . The integrated values for the core region agree to within 1 or 2% (normalised to
the same total power) but there are larger local differences. Perturbation theory calculations of total
sodium-voiding reactivity effects in 1-D models show that the maximum positive void effects agree to
within 2%.

10.4

Energy deposition and shielding

As mentioned, in the last IWGFR report, experiments on iron in well-characterised geometry
(benchmark experiments) have been performed on the ASPIS test assembly used at W infrith for
shielding experiments. Comparisons have been made between the data adjustments for iron shown to
be necessary by the ASPIS results and the adjustments made to the iron data, as a result of ZEBRA
lattice experiments, in producing the FD5 data. This has been done by applying the adjustment factors
to the input data for the McBEND shielding code (in 1000 energy groups) and comparing the calculated
fluxes at deep penetration in iron. Both ASPIS and ZEBRA adjustments produced significant changes
in the calculated fluxes, but these changes are in good agreement. This early result argues favourably
for the derivation of a common fast reactor data set for physics and shielding calculations.
In order to refine the analysis of data requirements for the CDFR radial shield conducted in the
previous year, it has been necessary to identify the correlations which exist between the errors in the
cross-sections at the different energies of a 100-energy-group library. This has been accomplished
by expanding 15-group data published by Oak Ridge. The CDFR radial shield has been re-analysed
using these data and the uncertainty in the sodium activation-rate in an intermediate heat exchanger
has been reduced from the previous estimate of 83% to 49%. To reduce the uncertainty to the target
level of 25% requires improvement in the sodium elastic scattering data in the energy range 10 keV to
500 keV.
Gamma radiation is an important heat source in the internal blankets of heterogeneous cores.
A very detailed analysis of thermoluninescent dosimeter measurements made in ZEBRA BZC has been
completed, using the McBEND Monte Carlo code to treat photon migration, with sources derived from
TIGAR neutronics calculations. Good agreement (better than 5% absolute) is found in fissile and fertile
regions but there is about a 15% over-prediction at the centre of a 15 cm-square steel column, due
probably to poor data on gammas from inelastic scattering.

Following the initial examination of the proposed design of flask for transporting new fuel for the
CDFR, a further calculation has been carried out to determine the additional neutron shielding needed
to reduce the dose-rates to meet the latest design targets. The flask with a steel carrier block holding
nine sub-assemblies gave external dose-rates of 24 mrem/h at its surface and 2-7 mrem/h at 2 m.
While these levels meet the present international regulations o f 2 0 0 mrem/h and 10 m r e m / h , respec
tively, they are higher than the targets of 20 mrem/h and 1 mrem/h set for the CDFR flask. Calculations
show that the addition of neutron shield material consisting of either 2-4 cm of polythene, or 2-9 cm of
water-expanded polyester or 4 0 cm of densified wood would reduce the dose-rates to the target
values.

10.5

Fuel managem ent and neutronic calculations for C DFR

Calculations are being carried out on a modified version of a conventional homogeneous core to
determine the effect on the iron-damage dose rate of increasing the mean burn-up of a sub-assembly
by adopting stepped axial enrichments. The increase in integrated iron-damage dose rate at the top
of the fuelled region was calculated on changing from a uniform enrichment to a pattern w ith steps at
either 30-5, 32-5 or 35-5 cm at each side of the core centre plane. The MARC code was used in one
dimension with typical mid-cycle data for the inner core region of CDFR. The enrichments were
adjusted to equalise the peak powers in the central and end regions while keeping the same reactivity
as for a uniform enrichment. A form factor of 1-1 was obtained for each of the stepped enrichment
patterns compared with 1-2 for a uniform enrichment. The integrated iron-damage dose experienced
by a sub-assembly during its life in the core is 18% greater for enrichment steps at ± 32-5 cm, com
pared with a uniform enrichment. Results are not yet available for the other 2 stepped patterns.
A study was made of the effect of using a small number of control rods to compensate for burnup depletion. The advantage of using a few rods is that the reactivity increase is less for a hypothetical
failure of the core support system. Use of only a few control rods does give distortions in the radial
power distribution, particularly for fuel schemes of low batch number. For a 2-batch scheme w ith 7
control rods, the peak form factor is raised by about 0-1 (on 1.3) compared w ith conventional operation.
An investigation was carried out into the reduction of the effects of thermal striping by shuffling
the fuel in the radial blanket region. Each radial blanket sub-assembly Is partially irradiated in each of
the 3 rows of the region, starting in the inner row. The scheme significantly reduces the power varia
tion. The greatest power variation occurs in the inner blanket row. where the peak variation Is about
V7. The target set by NPC for this variation is in the range of 1-4-1-6, which relates to a coolant
temperature variation in the range, 50-60°C . A slightly more complex shuffling scheme was shown to
achieve the target. The shuffling schemes involve significant fuel cost increases of 10-15% .
W ith the current methods of fuel management for CFRs, the sub-assemblies discharged in the
first few shut downs of reactor life do not achieve the target irradiation (of 10% burn-up). An investiga
tion was carried out of the effect of reloading these sub-assemblies so as to make use of their full
potential. The investigation showed that there was little advantage in replacing fuel solely in the region
from which it came; that is, inner core sub-assemblies reloaded to the inner core, and so on. Overall
improvements can be achieved, however, by arranging that some sub-assemblies which receive their
initial irradiation in the outer core zone are reloaded into the inner core zone. By careful selection of the
reload positions, it is possible to achieve very similar cycle lengths to those of the conventional method
of reactor start-up, and the variation of radial form factor is rather more favourable. Overall, the
reload scheme uses 160 fewer sub-assemblies than the conventional scheme. On the debit side, the
former requires extra storage positions, and additional refuelling operations. Approximate cost
calculations have been performed, and re-use of sub-assemblies gives a saving of about C 15-20M ,
not including the cost of the additional storage positions.
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Econom ics and design of the fuel cycle

Electricity programme predictions take into account the views of UK organisations outside the
nuclear industry, and currently 2 programmes are used. The smaller or 'A' nuclear programme reaches
about 40 GWe in the year 2000 and 200 GWe in the year 2050. The rate of fast reactor penetration
and hence the size of the thermal reactor component and its total uranium requirement depend on
several factors, important among which are the initial plutonium stockpile, the fast reactor initial core
plutonium inventory, the plutonium out-of-reactor time and the quantity held in waste residues, the
breeding gain and the rate of growth in the nuclear sector. If UK uranium requirements are not greatly
to exceed 250 kt the plutonium out-of-reactor time must bo reduced to a value between 9 and 12
months around the end of the first decade of the next century. A more detailed examination has been
made using the A' programme of the demand for reprocessing plant arising from the fast reactors need
for plutonium. It has been shown that a plant capable of returning discharged plutonium to the reactors
must be in full operation by about the year 2005, and that the turnround time must be reduced from
an initially tolerable 33 months to around 9 months by 2015, or earlier if the thermal reactor sector
consist's of AGRs rather than PWRs.
In planning the overall fuel cycle so as to achieve an average out-of-reactor time for plutonium
of 9 months, the advantages of operational measurements of decay power to allow the lower-rated
spent sub-assemblies to be selected first for handling have been identified. The decay power that has
to be safely removed from fuel in the transport flask can be reduced by about 30% if this is practicable.
When the lower-rated sub-assemblies are processed first, there is a need to consider the possible
release of 131l. A comparison of 2-batch and 6-batch refuelling shows that a much greater rate of
handling spent fuel in the caves is required for the 2-batch case.
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T h e rm o h y d ra u lic s o f p rim a ry c irc u it tra n s ie n ts

The overall objective of the project at BNL is to examine the uncertainties in the prediction of
thermal transients in the primary circuit of the reactor on the basis of simulant fluid tests.
Tests have been conducted in an idealised, axisymmetric model of the hot pool of the reactor.
A rapid change of the flow from pure water to brine is used to model the increase in the sodium
density emerging from the core following a reactor trip. The first phase of the measurements has
shown that buoyancy effects are important and a second phase of experiments has been performed to
examine the influence of geometry and Reynolds number.
It is necessary to demonstrate that thermal similarity exists between a water model and the
reactor before the model can be used with confidence to predict steady-state and transient reactor
behaviour. Because of the very low Prandtl number of sodium, it is not certain how high a Reynolds
number is necessary to ensure thermal similarity for recirculating flows. Two geometrically similar
(Jet-in-Pool) experiments have been designed to provide the necessary information on the turbulent
diffusion of heat, one operating in water and the other in sodium. Measurements of the mean velocity
and mean temperature have been completed for the water experiment. The analogous sodium experi
ment has operated successfully for some months and a large volume of temperature distribution data
has been generated. These data are being analysed at present to give the values for the diffusivities.
The current aim of the work in fluid mechanics is to develop finite-element codes for predicting
incompressible, turbulent flow and heat transfer in general two-dimensional or axisymmetric geom
etries. The initial analysis of the results of the Jet-in-Pool experiments has been conducted with the
FEAT-1 code which uses a prescribed effective viscosity distribution to represent the effects of turbu
lence on the mean flow. These calculations will shortly be superseded by results from the FEAT-2 code
which re’ ains the concept of effective viscosity but which calculates its distribution by means of a
(k, e)-turbulence model. In parallel with the development of the FEAT-2 code, a finite difference code,
TUFC-1 has been used to provide comparative data and to give initial experience w ith the (k, e) model.

Measurements of the turbulence parameters in the water experiment w ill be used to check the
adequacy of this turbulence model.
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CFR c o n tro l and d y n a m ic s

The control and dynamics performance of CFR is predicted using mathematical models to
extrapolate from PFR experience. Two classes of model are required, namely whole-plant survey
models for rapid design studies and more detailed models for reference purposes. The AEA col
laborates closely with the CEGB and NPC on the design and testing of these models, which are then
used for both component design purposes and complete-system performance analysis. Dynamic model
development has now reached the stage where all the major components have been rigorously
analysed and most are coded for computer solution.
CFR has to meet specified load-changing and load-following requirements and PFR experience
shows that the conventional steam-raising and. turbo-alternator part of the plant frequently lim it the
performance and availability of a nuclear power station. Consequently, effort has recently been devoted
to analysing the required protection and performance of components such as boilers, turbines and
feedheating equipment, and this has led to the design of an automatic power-unloading system for PFR.
Experience with this system w ill directly influence the design and modularity of the CFR steam plant
system.
The boiler steam rlrum and feedwater deaerator are critical components and their dynamic
performance is important. Steam-drum modelling, instituted at W infrith, is in collaboration w ith the
CEGB Research Laboratory at Leatherhead and that for the deaerator is in collaboration w ith their
Marchwood Engineering Laboratory where several scale-model (including PFR) deaerator test rigs are
available. In order to improve the collection and processing of PFR operations and test data, required
to corroborate the mathematical models, an Improved high-speed data-logging system has been
installed at Dounreay. An associated computer-based data-retrieval system is being assembled at
Winfrith and this w ill permit efficient comparison and tuning of models against PFR plant data.
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N e u tro n flu x in s tru m e n ta tio n

The pursuit of high neutron sensitivity coupled w ith low resolving time in the pulse-counting
mode (necessary to achieve adequate gamma rejection) has continued. It has been confirmed that
rare-gas mixtures can yield a worthwhile reduction in electron collection time. In combination w ith a
smaller inter-electrode gap and optimised pulse-shaping circuit characteristics, adequate gamma
discrimination now seems possible, though the neutron sensitivity which can simultaneously be
achieved still needs to be quantified.
Quality control of mineral-insulated high-temperature cables is now greatly improved and good
insulation resistance has been achieved. Small-pulse breakdown effects are also significant for pulseCampbell channels and initial experience of new cables suggests that, at CFR temperatures, pulse
breakdown may still be a serious problem. Possible alternative designs of ‘trilaminax’ high-screeningperformance mineral-insulated cables are being considered (as a less stiff alternative to quadraxial
cable).

