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ABBREVIATIONS USED IN THIS REVIEW

AEA United Kingdom Atomic Energy Authority
AEEW Atomic Energy Establishment. Winlrith
AERE Atomic Energy Research Establishment, Harwell
AGR Advanced Gas Cooled Reactor
ASD Alternative Shutdown Device
AWRE Atomic Weapons Research Establishment, Aldermaston
BCD Burst Can Détection
BNL Berkeley Nuclear Laboratories (CEGB) Gloucester
BSC British Steel Corporation
CDFR Commercial Demonstration Fast Reactor
CEGB Central Electricity Generating Board
CENG Centre d'Etudes Nucléaires, Grenoble
CFR Commercial Fast Reactor (The future series of LMFBR following CDFR)
COVA COde VAIidation Experiments IContainment studies)
CSNI Committee on the Safety of Nuclear Installations
DFR Dounieay Fast Reactor
DNE Dounreay Nuclear Power Development Establishment
OPA Displacements per Atom
EDTA Ethylene Diarnene Tetra Acetate
efpd Effective lull power days
ERA Electrical Research Association
HALIP Helical Annular Linear Induction Electromagnetic Pump
HAZ Heat Affected Zone
HCDA Hypothetical Core Disassembly Accident
HM Heavy Metal
IHX Intermediate Ham Exchanger(s)
IRD International Research and Development Co, Newcastle
ISAT Individual Sub-assembly Temperature Monitor
KfK Kernforschungszentrum, Karlsruhe
KNS Compact Sodium Boiling Loop. KfK
LDE Low Density Explosive
LMBWG Liquid Metal Boiling Working Group
MCTR Mechanical Components Test Rig
MEL Marchwood Engineering Laboratory. CEGB
MFCI Molten Fuel/Coolant Interaction
MFTF Molten Fuel Test Facility. Winlrith

Ml
MIG
MMA
Nil
NNC
PCL
PFR
PIE
RNL
SNL
SRD
TIG
TOP
TREAT
ZEBRA

Mineral Insulated
Manual Inen Gas Weld
Manual Metal Arc (Welding)
Nuclear Installations Inspectorate
National Nuclear Corporation
Pulse-Coded Logic
Prototype Fast Reactor, Dounreay
Post-Irradiation Examination
Risley Nuclear Power Development Laboratories
Springlields Nuclear Power Development Laboratories
Safety and Reliability Directorate. UKAEA
Tungston-Arc Inert Gas (Welding)
Transient Over-power Accident
Transient REActor Test Facility. Idaho
Zero Energy Breeder Reactor Assembly. Winfrith

1. BACKGROUND TO THE 1983 REVIEW

During the last year most attention on nuclear power in the UK has been focussed on the
Public Inquiry into the proposal to build a PWR nuclear power station at Sizewell in Suffolk. The
inquiry, which started to receive evidence on 11 th January 1983, is being conducted by the Inspector'
Sir Frank Laylield U.C. The first months were taken up with the formal reading of Proofs of Evidence
by the CEGB. the Department of Energy and other organisations involved. There were some discus-
sions on points of clarification or procedure, but at the time of writing the objections by the dozen
or so main environmental groups and by the thousand or more small groups or individuals had still
to be put. Several references to the fast reactor have been made and, as expected, some of the
proceedings will be relevant to a future Fast Reactor Inquiry, although no date for this has yet been
fixed.

During the hearings the CEGB stated that a design for the dry storage of irradiated thermal
reactor fuel had been established in principle. If plans for dry-storage were adopted, the time for
reprocessing fuel to serve the first series of commercial-sized LMFBR would be adjusted, as necessary,
to meet the requirements of the programme.

At the present rate of progress the inquiry is likely to continue at least until late 1983. If
approval is given, construction of the station could start in 1985.

During the inquiry there will be discussion of the future energy requirements for the UK and
these discussions will be of particular interest to the fast reactor programme. The present situation
is that energy consumption in Britain fell in 1982 for the third consecutive year. Provisional Depart-
ment of Energy figures show that Britain used 2 per cent less energy in 1982 than in 1981. A signifi-
cant part of the decline resulted from energy economies, but mostly it was a result of the economic
recession. The year's total energy consumption was equivalent to 310-9 m tonnes of coal, 6 - 2 m
tonnes less than 1981. However. British oil production rose by 15-7 per cent in 1982 and provi-
sional figures show an output of 103-4 m tonnes (165 m tonnes coal equivalent).

Although it has received less public attention, good progress has been made with the AGR
programme. On-load refuelling has been demonstrated at Hunterston В and Hinkley Point B.
Dungeness В started power operation in December 19B2.



™ The fast reactor programme has continued at the level envisaged last year: i.e. at an expen-
diture of about £110M per year, and with a deployment of about 900 professional staff. At the
end of November a policy statement was made by Mr Nigel Lawson. Secretary of State tor Energy,
and this was followed by a debate in the House of Lords. Part of the statement reads:

"Through the successful programme of research and development undertaken by the
Atomic Energy Authority, which centres on tha operation of the prototype fast reactor
and associated fuel cycle at Dounreay. we have demonstrated the feasibility and poten-
tial of this technology. We have also collaborated with other major countries who have
programmes in this field.

We are in an excellent position to carry the programme forward and to prepare for the
introduction of commercial fast reactors when these are needed to augment our ther-
mal reactor programme.

The Government have therefore decided to continue with a substantial development
programme for the fast reactor based on Oounreay, and I have asked the chairman
of the Atomic Energy Authority, Sir Peter Hirsch, in consultation with the generating
boards, British Nuclear Fuels Ltd and the National Nuclear Corporation, to draw up a
future development programme which makes the best use of our resources and
experience.

In common with most other leading fast reactor nations, we now believe that the series
ordering phase will begin in the earlier part of the next century and, thus, on a longer
timescale than we have previously envisaged. We shall therefore have more time in
which to develop further the technology and before undertaking the construction of
a first full scale reactor in the UK; and the development programme will be geared to
this timescale.

The Government and the Atomic Energy Authority have been having exploratory discus-
sions with other countries to establish whether a satisfactory basis for international
co-operation can be worked out. The Government wish to see these discussions con-
tinue, and have asked the Atomic Energy Authority, in preparing advice above the future
programma, to take account of the potential for collaborating with other countries as
a means of securing the maximum benefits from this vital development programme."

The new development programme referred to is now being drawn up and will involve some
changes in emphasis from the present programme. Further changes can be expected if the discus-
sions on overseas collaboration referred to are successfully completed. It is hoped that it will be
possible at the 1984 IWGFR meeting to describe, in detail, the naw revised development programme.

Although operation of the PFR has continued to suffer from leaks in the tubu-to-tubeplate
welds of the evaporator, good progress has been made with sleeving the evaporators lo protect
the weld area. The sleeves bridge the tube-to-tubeplate joint: a 60 cm long close-fitting tube is brazed
into the existing tube and explosively welded to the tubeplate. Many hundreds of sleeves have been
successfully fitted. One of the evaporators, which already has a number of sleeves fitted, has been
used for one circuit operation of PFR and has provided useful tests of the sleeves under operating
conditions. As a result of these modifications, it is planned to regain full power operation during
the next twelve months.

Ultrasonic measurements were successfully completed of the positions and heights of the
tops of core components of the PFR (Sections 2.4 and 6.7). The new technique which Has been
demonstrated should have very useful safety and operational applications in the future.

Fuel performance continues to be good with no failutes among the 40,000 oins, of standard

design, which have been through the core or are in the core at present. Despite the restrictions
to one-circuit operation some fuel pins have reached a burn-up of nearly 10%. Thirteen more sub-
assemblies have been reprocassed, some less than five months after shutdown of the reactor. One
sub-assembly in the present core contains plutonium being irradiated for the second time.

Design studies have continued within the National Nuclear Corporation (NNC) on the Com-
mercial Demonstration Fast Reactor (COFR). consolidating the 1981 Reforence Design described
in the last two annual reports to the IWGFR (see Section 4). The Preliminary Safety Report IPSRI
is being written, to be completed during 1983.

2. PROTOTYPE FAST REACTOR

2.1 Highlights of operation in 1982

At the beginning of the year the Station operated on a single circuit at a power level of
200 MWt until early March, apart from two brief outages when large quantities of seaweed block-
ed the seawater cooling intakes following stormy weather. The reactor was shutdown in early March,
a few days before a planned shutdown for refuelling and statutory inspection of pressure vessels,
because of a leak in tha operating evaporator.

The shutdown continued until August while inspection and repairs were carried out on the
evaporator. Power generation was resumed with one secondary circuit in service and continued
for two months until another leak occurred.

Reactor availability throughout the year has again been very high but Station operation has
suffered from outages of the steam plant due to further leaks in the evaporator tube-to-tubeplate
welds. Application of a sleeving process to bypass the defective welds has been successfully ap-
plied on a small scale to operating units and significant progress has been made on the complete
sleeving of one evaporator (see below).

During the year reactor operation advanced by 33-3 equivalent full power days (efpd) to a
lifetime total of 376 ufpd. The gross total of electricity generated increased to 1268 x 10' kWh.
The load factor for the year was low at 7% owing to the planned shutdown and as a result of
evaporator leaks.

There have been no fuel pin failures in standard driver sub-assemblies. Burn-up advanced
beyond the design figure of 7-5% to 8-5% and further in expeiimental fuel to 9-7%.

Included in the sub-assemblies loaded into the core during the year was one containing
plutonium which had been reprocessed in the Dounreay plant, thus closing the fuel cycle.

An under-sodium viewer was installed in the reactor primary circuit for the first time during
the refuelling shutdown. The images obtained were of excellent quality and resolution. Individual
components could be easily recognised.

2.2 Reactor and secondary circuits

Reactor operation has proceeded uneventfully. Primary and secondary sodium pumps have
operated throughout without any attention other than planned routine maintenance during the
shutdown.

The new failed pin location loop has been commissioned successfully after maintenance to
deal with problems that were identified following installation in 1981. The loop has been calibrated
using a foil loaded into the axial blanket region of a sub-assembly.
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The primary circuit cold trap loop used for removing impurities in the sodium has not been
working normally for some time and a basket change was made during the shutdown. Attention
was also given to the sodium level cuntrol system with which operational difficulties have arisen
due to blocked gas lines. The secondary cold trap loop basket was also changed following sodium
circuit clean up alter evaporator leaks.

Despite increased active handling work, the exposure of staff to radiation in all areas remains
low. The average dose per person in 1982 was 2 mSv. The total actual recorded dosa above film
threshold was 0-17 man-Sv.

2.3 Stearn generator units

The shot-peening of evaporator tube-to-tubeplate welds on the water side, carried out in
1980/81, has proved to be effective in dealing with leaks due to stress corrosion cracking from
that side of the weld. Leaks have however continued to occur from defects in welds, with failure
initiated from the sodium side. Research and development work on this failure mechanism is conti-
nuing with the objective of establishing the cause and reproducing it. In addition to laboratory work,
further weld samples have been removed from the evaporators and extensive application has been
made of ultrasonic techniques to examine welds for any signs of cracking.

Attention has been concentrated in the past year on moving from the successful laboratory
scale introduction of sleeves for by-passing defective welds to application on a production basis.
At the end of the year a total of 200 sleeves were installed in one unit. There are 500 tubes in
each evaporator unit and, apart from some already removed from service by plugging, all tubes are
to be sleeved. A second evaporator unit will also be fully sleeved beginning in early 1983. Both
units should be available for service by the end of 1983. In parallel, the evaporator in circuit 1 is
to be operated to provide experience with the sleeves now installed. In the longer term, the welds
in this unit will also be removed from service by sleeving, or possibly by retubing using an explosive
weld at the tube-to-tubeplate joint. Action is proceeding to provide two sets of spare tubing in parallel
with related design and development work on this alternative method of tube bundle refurbishment.

In recent years Station availability has been completely dominated by the evaporator leaks.
The tube bundle refurbishment programmes now in progress should bring the required improvement
with two evaporator units available in 1983 and the third in the following year. It is to be noted
that the operation of the superheater and reheater units has continued without any leaks since the
start-up phase in 1974/75.

2 .4 Fuel and active handling

A total of 15 sub-assemblies were cleaned and prepared for the third campaign in which sub-
assemblies with fuel of up to 7 ' 9 % burn-up was successfully reprocessed. Thé cooling time was
less than 5 months for some of this fuel.

The charge machine handled over 117 core components successfully during the 1982 reload
and was used in a substantial programme of height measurements on component length increases
resulting from neutron-induced-voidage swelling.

An under-sodium viewer, specially developed by the Ristey Nuclear Laboratories for use in
the PFR, was installed in the reactor for the first time. Pulses of high frequency sound are transmit-
ted from the devices through sodium, and echoes received back from the top of the core are col-
lected and stoied in a computer. The information gathered by the computer is displayed as an im-
age of the top of the core on a colour television screen. For the first lime, detail has been seen of
the top of sub-assemblies beneath a 5 metre pool of sodium at a temperature of 25O°C. An annular

zone of the outer region of the core was scanned first. The images obtained had excellent resolu-
tion, and the orientation bars and code rings on individual sub-assemblies could easily be seen. Follow-
ing these encouraging results, the instrument was moved to two other radial positions on the rotating
shield so that a total viewing area of some 60% of the core top could Ьи covered. Measured loca-
tions and heights of components within this area were compared with expected positions and heights
as measured with the charge machine. Excellent agreement was achieved between the different
height measurements. However, the under-sodium viewer gave a much improved presentation of
measured horizontal displacements (see also Section 6.71.

3. REPROCESSING

3 . 1 PFR fuul reprocessing operations

The reprocessing of PFR fuel was continued successfully during 1082. The plutonium return-
ed to Sellafield in 1981 was refabricated into new PFR sub-assemblies, one being reloaded in the
reactor in May 1982, thus completing the PFR fuel cycle.

The reprocessing plant has successfully operated at full design flow without major problems.
Advantage has been taken of the operations to

(1) increase the understanding of the chemistry of the process

( 2 )

(3)

compare the results of the plant-scale operations with predictions from laboratory-scale
experiments.

carry out development work in support of reprocessing PFR fuel and a CDFR fuel
reprocessing concept, and

(4) obtain radioactive materials from the plant far laboratory evaluation.

Tha operation proceeded without significant radiological incident, the average exposure for
the year being less than 7 mSv/man. Atmospheric activity and surface contamination levels were
maintained below 5% of permitted working levels.

Plant operation was subject to Euratom and IAEA Safeguards inspection throughout the
campaigns.

3 . 2 CDFR fuel reprocessing

The objective of developing fast reactor fuel cycle reprocessing is to provide information on
flowsheets and equipment relevant to the design of large plants required to support a future pro-
gramme of commercial fast reactors. A significant feature during the year has been the completion
of a conceptual-plant design-study for a 50 Te HM/Year reprocessing plant to provide (1) a basic
cost estimate (21 guidance on development requirements, and I3) comparison with alternative plant
layouts, equipment and flowsheets.

The use of the PFR fuel reprocessing plant as an experimental facility and data from its opera-
tion are important to the CDFR fuel reprocessing development programme, giving scope for plant-
scale trials under fully radioactive conditions and providing typical radioactive materials for evaluation.



46 3.3 Transport and storage of spent fuel

Design work on flasks lor the transport of 3 or 7 complete sub-assemblies in sodium has
confirmed the feasibility of this transport method; some further confirmation of canister thermal
performance is needed and experiments are in hand. A flask design to carry pin bundles from dis-
mantled sub-assemblies is currently being produced to allow cost comparisons of the different
transport options to be made.

A theoretical assessment of the transport of a Itopped and tailed) sub-assembly in a gas-
filled canister has shown that with careful design it should be possible to transport sub-assemblies
in nitrogen with an upper limit for decay heat of about 2-5 kW.

A review of the experience gained to date in cleaning PFR sub-assemblies concluded that
the cleaning process involving nitrogen/steam and water washing should form the design basis for
cleaning CDFR sub-assemblies. Equipment development will be required to meet the higher through-
put requirements of a larger plant.

The possibility of transporting and storing irradiated sub-assemblies free from sodium in water
is an option which might have significant benefits on plant design and fuel cycle economics. However,
clad corrosion could negate this option and a practical experiment which will examine behaviour
under realistic heat generation, mutal/metal contacts and radiolytic conditions has been mounted.
Two sub-assemblies irradiated to about 8-0% burn-up have been loaded in vented canisters into
a waterfilled spent-fuel store. It is intended that these sub-assemblies be left until cladd'.fxj fêlure
is observed as evidenced by detection of released fission products. This experiment is supported
by studies on the corrosion of coupons of irradiated PFR fuel cladding.

3.4 Fuel sub-assembly dismantling

Following discussions between the reprocassors, fuel element designers and fabricators, a
design of sub-assembly incorporating features which ease active dismantling without prejudicing
reactor performance has been agreed, designated the DRDR or "Development Reference Design
for Reprocessing". The essential features of DRDR will be incorporated in the CDFR reference design.

Using a model, comprising end-held pins and grids approximately to the CDFR pitch, it lias
been successfully demonstrated that the pins can be removed from the wrapper by "ramming".
With this technique, the grids at the plenum end break away from the grid legs which are retained
in the wrapper, and collected, butted together, on the plenum end of the pins. The pin/grid bundle
thus removed from the wrapper can be cut by laser to yield:

la) the plenum ends of the pins retained in the honeycomb grids, a section of the sub-
assembly which can be discarded.

Ib) fuel pins, which can be fed directly through a pin cropping device to provide the feed
material for the dissolvers.

To evaluate the possible need to limit sub-assembly decay heat ratings or clad temperature
to avoid clad creep rupture during dismantling, centre pin temperatures have been measured on
irradiated PFR sub-assemblies with decay heat ratings between 0-36 and 1 -3 kW; and these are
being compared with calculated predictions. Up to 0 • 36 kW decay heat 126O°C clad temperatures),
the predicted and experimental values are in good agreement. Indications at higher heat ratings are
that the computed codes predict slightly higher temperatures than measured.

An experiment to examine the effects of an inadvertent impingement of a laser beam onto
an irradiated fuel pin was mounted. A 40 cm long pin was deliberately damaged by laser resulting
in some volatilisation of cladding with cladding and fuel melting, leaving largely metallic globules.

An important result was that the dissolution of the damaged fuel pin in nitric acid showed no signifi-
cant differences in Pu/U ratio or in the amount of undissolved tuel when compared with undamaged
fuel.

Two alternative fuel pin croppers are being developed. Both have been shown to be capable
of very high speeds and throughputs adequate to meet large fuel reprocessing plants requirements.
Both machines produce excellent results: e.g. open ends at high throughput, good control and relia-
bility, low fines production, and each has the capability of cropping radial blanket sub-assemblies.

3.5 Fuel dissolution

Detailed analysis of the large scale dissolution of the irradiated fast reactor fuel, which has
been processed to date in the PFR reprocessing plant, has indicated a very high level of fuel solu-
bility, with low insoluble fuel content remaining in the wrappers.

A number of alternative designs of large scale dissolver have been examined; criteria have
included

(i) criticality control

lii) foaming

liii) liquor mixing

(iv) solids movement

(v) ability to inspect and clear the dissolver sump, and

(vi) the use of corrosion resistant material concommitant with ease of fabrication. Corro-
sion studies and fabrication capability have led to a preference for the use of 310L material
for the dissolver and the condenser.

The recommended use of a centrifuge as a means of clarifying the dissolver liquor for the
CDFR plant takes into account the successful operation of the centrifuge and of the solvent extrac-
tion equipment in PFB fuel reprocessing operations. A design study for a larger scale centrifuge has
been completed based on the PFR unit, but scaled up to meet the requirements of CFR fuel reprocess-
ing using the same bowl length-to-diameter ratio.

Experimental work on the use of magnetic enhancement of a metal matrix filter established
its feasibility using inactive simulates. A laboratory scale experiment was conducted on liquor and
insolubles produced from fuel irradiated to about 8% burn-up. An assessment of the two clarifica-
tion systems led to a decision, taken in view of the further development required for the magnetic
system and (he successful operation of the PFR fuel centrifuge, to defer the magnetic separation
work and concentrate on the development of the larger capacity centrifuge.

3.6 Separations chemistry and equipment

The choice of contactor for solvent extraction in the longer term has still to be decided but,
based on available information and known operating experience, present design and development
work is aimed at the use of a pulsed column. However, the available data on the stage height for
plutonium extraction are inadequate to determine the height of the column from first principles,
without introducing large uncertainty factors. To obtain such data, a design has been prepared for
an alpha-active solvent extraction test facility. The main aims of this facility are to produce data
on extraction stage heights of plutonium in mixed plutonium-uranium systums and the development
of control instrumentation and techniques.



3.7 Waste management

An assessment of the irradiated PFR fuel reprocessing campaigns, together with data from
laboratory experiments, has shown that to avoid plutonium losses solvent washing is required in
cycles 1 and 2 and possibly in cycle 3. The wash solutions (Na, CO,/Na OH) and concentrations
used in PFR reprocessing appear about optimum and are proposed for the CDFR fuel reprocessing
plant.

Advantage was taken of an opportunity to measure iodine 129 and 131 releases from irradiated
PFR fuel reprocessing cropping and dissolution during a campaign which included reprocessing fuel
cooled for about 132 days and therefore containing measurable quantities of iodine 131. The iodine
released was mostly in inorganic or elemental form.

Studies have continued on the removal of alpha activity from the surface of waste sub-
assembly wrappers. Previous experiments, which used arisings from laboratory dissolutions of fuel
irradiated in the DFFt. have been extended to samples of wrappers from PFR reprocessing campaigns.
Decontamination by refluxing with nitric acid significantly reduced the alpha activity and removed
virtually all the fission product contaminants.

4. COMMERCIAL DESIGN STUDIES

4.1 Design status
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The overall design concept of the Commercial Demonstration Fast Reactor (CDFR) has not
changed in any substantial way from that described in the IWGFR répons for the previous two years.
Present work is confirming that safety and operational characteristics will be satisfactory and that
the economic predictions for the design are substantiated. However, this design was prepared assum-
ing a start of construction in about 19B6 and it was only late in 1982 that UK Government policy
introduced a delay to the programme. An important activity resulting from this delay will be to re-
examine the design for improved economy without detriment to safety and reliability. Before this,
a complete safety report of the current design is being prepared, to be completed during 1983, and
will form a basis for appraisal of safety of any revised features. Major changes to the reactor primary
circuit and steam generator are not anticipated and the major scope for further economies will arise
from design and layout of peripheral and auxiliary equipment.

Work during the current year has been devoted to a critical analysis and consolidation of the
design concept and has confirmed the primary vessel diameter of 19-2 metres as a satisfactory
engineering design. Some changes to engineering detail have been made to improve both reliability,
integrity and economics and substantial progress has been mad» in the supporting development
programme which has been initialed to prove the fundamental design features.

4.2 Core design

Continuing studies of overall economics have emphasised the importance of reducing the fuel
cycle component of total generation cost. Various means of reducing costs both in fuel design and
fabrication and reprocessing methods have shown that the most substantial benefit is to be obtain-
ed by increasing burn-up. A target burn-up of 15% is now proposed, and fuel designs with the poten-
tial for achieving this target have been prepared and will be irradiated in the PFR.

The expeiiinental facility, CRUPER (Fig. 4), for studying the interactions between sub-
assemblies in the restrained core is now operational and is beginning to yield valuable data. The

experimental work to study performance of the alternative shutdown system, in which the absorber
is held up by hydraulic pressure, is now complete and the required drop lime of 1 second has been
confirmed. This experimental facility is now being used to determine the characteristics of the system
under simulated seismic loading.

4.3 Primary circuit

A major change to the design of primary circuit reactor structures, which has been made dur-
ing this year, is the adoption of a core support structure carried from the bottom of the vessel, in
place of the tension rib design which was described in the 1981 report. This is a ring box structure
formed by a central cylinder and top and bottom plates supported by radial webs. The diagrid is
supported directly from the central cylinder. This change has been made to improve the overall in-
tegrity of the core support structure and has also simplified fabrication iind reduced weight. A fur-
ther important change is in the method of supporting the leak jacket and primary vessel, which has
the objective of removing a transition weld between the stainless steel vessel and carbon steal roof
from the core support path. This also reduces the diameter of the roof structure which, in turn,
has led to an improvement in overall plant layout within the containment building.

Experimental work on the integrity of the core support structure has continued. There is con-
fidence that it is not necessary to add residual weld stresses to applied stress for assessment of
fracture behaviour. The tolerance of welded stainless steel structures to defects is being
demonstrated. This work is continuing with the objective of demonstrating a leak-before-break
criterion for the primary vessel and will also include studies of major junctions in the core support
system which are subjected to out-of-plane as well as in-plane loadings.

The whole plant is being designed to withstand UK earthquake criteria, which influence 'he
vessel thickness. An experimental and analytical programme of work on shear buckling of cylinders
representing the primary vessel has been completed. The results indicate that the cylindrical por-
tion of the vessel must be thickened to withstand the safe shutdown earthquake. Further work is
in hand on dynamic shear buckling in the plastic regime to determine what margins to buckling are
necessary and hence what thickness of vessel will be required.

A significant experimental programme has also started to yield data during this year on creep
fatigue life of high temperature structures under multi-axial stressing systems such as occur in the
plant. The experimental facility uses heat treatment salts to thermally cycle representative specimens.
So far (see Section 6.8) cracks have been produced in test specimens at the expected number of
cycles at high strain ranges and work is now proceeding on lower strain ranges more representative
of those expected in the reactor, for which, up to now, there have buen few experimental data.

Experimental work on the thermal hydraulics of the high and low temperature pools, and in-
termediate plenum, has continued to make progress (Section 6.9). The high temperature pool work
has concentrated on obtaining a satisfactory free surface to ensure freudom from gas entrainment,
as a result of which some minor changes to internal structures have beün made and data have been
obtained on both steady state and transient flow and temperature distributions from full and part-
load conditions. An important feature of the design is the intermediate plenum which is a volume
of stagnant sodium between the high and low temperature pools. A wide range of 2 and 3-dimensional
experiments using water and low melting point alloy as simulant fluids has demonstrated the ac-
ceptable behaviour of this plenum under steady state conditions. Work on a water model, for tran-
sient conditions, has also started, in which features to interconnect the intermediate plenum with
the high temperature pool have bean incorporated. This has the objective of allowing some mixing
between the two volumes to occur during reactor transients, while still maintaining virtually stag-
nant conditions under steady state operation. Initial results are encouraging and this work will be



continued on larger scale models, culminating finally in a sodium experiment which is now under
construction.

4.4 Intermediate heat exchanger

The selection of the straight tube design referred to in the last report has been confirmed
and is now Deing evaluated in detail with a supporting experimental programme. The main emphasis
in this work is on the thermal hydraulic performance of the unit, under both steady state and tran-
sient conditions, and also on the ability of straight tubes to accommodate compressive loading aris-
ing from differential thermal expansion. Seismic analysis has shown the necessity to provide a lateral
restraint at the lower end of the intermediate heat exchanger.

4.5 Steam generator

Design evaluation of the 'J ' tube steam generator, which has been adopted for CDFR. has
resulted in confirmation of the overall design features and is now being supported by an experimen-
tal programme. Assessment of the response to reactor transients has led to the adoption of 9 Cr 1 Mo
steel for tubeplates and steam headers and this material will be used throughout the shell as well
as for the tubes (see Section 7.2.2). The tubeplate geometry has also been optimised with respect
to both steady state and transient stresses and a supponing materials and tabrication development
programme on heavy section 9 Cr 1 Mo steel has been initialed (see Section 7.11.

The main features of the experimental programme relate to the fabrication and environmen-
tal testing of the tube-to-tubeplate attachment, the thermal hydraulics of both waier/steam and
sodium sides and also the dynamic behaviour of the unit.

4.6 Primary pumps

To minimise pump diameter and meet the pressure drop characteristics of the core and primär/
circuit, a two stage pump has been adopted which is designed to be free from cavitstion noise.
The impeller has now been tested at % scale in water which has demonstrated the required cavita-
tion characteristics at the operating speed of 450 RPM. Tests have also been completed on the
steady state characteristics of the pump hydrostatic bearing and work is now in hand to assess
the characteristics of this bearing under seismic loading.

4.7 In-service inspection and monitoring

Work has continued on design and development of in-service inspection and monitoring techni-
ques for key areas of the reactor, with special reference to vessels, roof and internal structures,
to meet the requirements recommended in Draft 13 of ASME Code Section XI Division 3.

In-service inspection of structures within the cold pool utilises a tracked chain system and
within the hot pool an articulated arm from the rotating shield. More recently, a study has com-
menced into the feasibility of using a combined hot and cold retractable arm based on the links-type
manipulator which is used in the AGR. The under-sodium viewer, which has been used successfully
in PFR, is being applied to inspection of CDFR under-sodium structures. The roof inspection com-
prises a mono-rail transport system carrying viewing devices. In the interspace between the primary
and core vessels, in-service inspection is based on deployment of a free ranging robotic device. The
critical matters of insulation and cooling to operate in a restricted space at temperatures up to 25O"C
are being studied experimentally.

4.8 Operational characteristics

An overall plant performance model developed by NNC, known as BESBET. has been used
for evaluating plant response following main electrical supply failure. This has confirmed that operation
with only one pump driven by its pony motor is completely satisfactory in keeping all key structures
well below critical temperatures. The calculations have also indicated that the immediate operation
of all decay heat removal loops with no pony motors is capable of keeping the reactor temperatures
at levels little more than normal operating values by natural circulation alone. Decay heat rejection
through the steam plant, which is designed for high reliability as part of the decay heat removal
system, results in even lower temperatures.

The overall plant duty cycle has been defined in which primary flow is constant at 60% full
flow over the power range 20-60%, and then between 60-100% is directly proportional to power.
Steam pressure is maintained constant down to 50% load, reducing to 100 bar at 20% load. Steam
temperature is then maintained at 485°C down to 50% load dropping to 420°C at 20% load.

Steady state parameters for the plant have now been evaluated for all conditions in which
steam is being raised and plant items are in-service within the operational limits. These studies have
also included simulation of rapid increase in power of 75-100%, which have shown outstanding
potential for load pick-up acceptability. Overall plant transients have also been evaluated for all
operating conditions including part-load.

Additionally, substantial progress has been made in design of reactor services and ancilliary
plant and in the detail of overall station layout.

5. DESIGN CODES

5.1 Shakedown

Two or three years ago it might have appeared that when the creep-modified shakedown
theory had been cast as working Design Rules, the shakedown area would be reasonably understood.,
A number of developments have shown that this is not the case. The ASME formalism is heavily
predicated on the Oree analysis of the thin tube with an internal heater. It is now recognised thai
this cannot be used as a representation of all combined stress states, and that the concepts of 'limited
strain' or 'collapse' beyond the shakedown boundary need to be considered. It has been strongly
argued that satisfying the Code limits will not necessarily ensure that shakedown in fact occurs.
This will only be positively demonstrated by identifying a residual stress state which, together with
the service loading, keeps the structure within the yield boundary. With regard to 316 steel, materials
studies have shown that work hardening must positively be shown to be retained Iby appropriate
tests) il a 3 sigma limit of 2-7 о is to be used, as the Code can nominally permit.

The general points which seem to be indicated by experience in this area include

(i) Code Formalism should very desirably be endorsed under stress-temperature-time-
environment regimes applying to the actual components.

lii) Testing should as far as possible be undertaken on characteristic features of the com-
ponent in question.

In an attempt to clarify both 'material' and 'structural' aspects of shakedown, cyclic load
or straining tests have been carried out at room temperature and at 400 and 600°C on 316 steel.



In conditions under which material shakedown occurred at 400°C, it did not occur at the other two
temperatures. Ai room temperature, the phenomenon of load relaxation at constant total strain (called
cold creep) was observed and resulted in the onset of ratchetting occurring in hold time tests some
20% lower in load than with continuous cycling.

5.2 Welds

Code Case N-47, T-1700 directs that parent material properties are used for weld analysis,
with the strain lii lits reduced so as not to exceed one half the values permitted for parent material.
There is considerable doubl in that this recipe predicts structural failures occurring elsewhere than
in the welds. In the ASME system, proposals are extant for introducing factors based on weldment
rupture properties. 'Features' programmes have been initiated in RNL with the intent of finding out
how and why weldrnents fail compared with parent material.

RNL have issued a report on a substantial programme ot strain-controlled fatigue tests of 316
steel at around 55O°C. This has included studies of welds, some of which were aged tor 20,000 h
at 600uC. The endurance of the aged weld material was notably low compared with wrought, or
wrought aged material.

5.3 Design methodology

Three classes of design methodology exist in the UK. Firstly, there is the use of general Code
Formalism which will be subject to revision or sub-division as knowledge improves and which will
always remain as a most important design aid. Secondly, there are cases where it seems appropriate
to obtain what are essentially phenomenological data on part-components or 'features' which will
automatically account for interactions: specific weld geometries are an important example. Finally,
then, is work based on Component Tests, where the present capability in analysis and constitutive
equations leaves very considerable doubt as to the validity of design deductions. Experience with
CDFR design support has shown that there is a place for all three approaches and each is being
followed as appropriate to thé case under consideration.

5.4 Creep-fatigue damage assessment

The elastic route formalism of N-47 directs that the effect of creep on fatigue endurance is
allowed for by using the T-l 430 (hold time) fatigue curves. In addition, a creep damage evaluation,
based on stress-rupture life, is made using T-1433. Discussion is proceeding on the applicability
of this formalism particularly to 9 Cr 1 Mo steel which is said not to show a creep-fatigue interac-
tion or creep cavitation.

The formalism is concerned to cover situations where elastic follow-up may occur. The Code
route sometimes results in calculated strains which appear to include 'double-accounting' of creep
effects. In principle, it is recognised that this pan of the Code could usefully be further sub-divided
to cover well defined cases in which the double accounting is avoided. However, aiming at this
target leads to the logical dilemma that the possibility of elastic follow-up may only be determinate
by undertaking an inelastic analysis.

It has been postulated that the 'hold time' creep-fatigue curves are an amalgam of fatigue
failures under low cycle, high strain range conditions: genuine creep-faugue interaction at smaller
strain ranges; and creep failure at higher cycles. The proviso is made that high cycle fatigue failure
could result from the growth of defects Ipossibly induced by a few high strain range cyclesl.

A number of reports have been made of relevant experimental and theoretical studies. Tests at
600°C, 0-5% strain range of 316 steel showed fatigue failure mechanisms to occur in short term
tests and creep failure in long hold tests. Tests on specimens irradiated to a total dose of 3 x 10"
n/cm1 under the same conditions (with 1S or 30 minute tensile hold periods) showed the creep fatigue
endurance to be reduced by a factor of 3 and 10 respectively compared with unirradiated solution
annealed material.

5.5 Defects

It is recognised that an ability to analyse the effect of defects on a structure is necessary

(i) To enable Quality Assurance levels to be fixed with the confident expectation that for-
malism intended for materials without gross defects will ha valid.

(ii) To predict the behaviour of the structure in the light of manufacturing defects or defects
which appear during service.

The ASME Code formalism is issued on the first basis. Within the areas of work noted in this
review two topics should be noted.

In the study of creep-fatigue interaction, defects which may be classed as negligible at the
low cycle end could become controlling at the high cycle end: and therefore the sequence of a spec-
trum of cycles could determine life to failure since a few high strain cycles could introduce defocts"
into the structure. In the Structural Integrity studies, the Wide Plate tests at SNL have focussed
attention on the distortions accompanying crack propagation. These distortions are geometrically
possible in a plate with free edges, but would not be possible in a tank structure.

This, in turn, points to the merit of examining crack propagation with displacement boundary
conditions prescribed (or derived from an appropriate stress-strain analysis). Test equipment capable
of imposing such controlled bi-axial loading conditions on plates is under consideration.

5.6 Transition weld, vessel to roof

As a matter of policy, it was agreed earlier that it was not realistic to attempt to set up a
general Code formalism to apply to the design of transition welds and then apply such a formalism
to the specific CDFR cases. Instead, it was proposed, if necessary, to undertake specific endorse-
ment experiments in support of the CDFR designs. In fact, the detail now under consideration for
CDFR is such that the important reactor vessel-to-roof transition weld is in compression, with the
316 steel vessel itself hung from a 316 steel conical skirt which is supported from the top of the
vault. The elimination of a transition weld in tension will make a significant contribution to the in-
tegrity of the core support system.

5.7 Boiler tubeplates

NNC have considered the design of tubeplates for large 410 MW once-through boilers for
CDFH. The materials considered were 9 Cr 1 Mo in the normalised and tempered condition, for which
allowable stresses have been recommended, and annealed 2% Cr 1 Mo, a coded ASME material.
The 9 Cr steel has significant advantages in allowable stress over the 2У» Cr steel and permits the
use of thinner sections. However, it is in the creep-fatigue properties that the 9 Cr has a notable
lead. A creep-fatigue interaction is not assigned to the 9 Cr steel, whereas a substantial effect is
asserted to apply to 2'Л Cr.
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50 5.8 PFR pipework distortions

Measurements have been made of thermally induced deformations of PFR secondary pipework
and of the ovality in the most highly stressed bend. Only incipient creep appears to have occurred
in temperatures which extend up to 495°C. The pipework was designed on the provision of ANSI
B31.1 which formed the basis of the ASWE Class 1 pipework rules, and the PFR experience is
encouraging.

6. ENGINEERING COMPONENT DEVELOPMENT

6.1 Primary pumps

A two stage centrifugal pump style has been chosen for the CDFR. as this gives the necessary
high pressure performance with a relatively small overall diameter. A design objective has been to
evolve a pump which will operate without cavitation both to permit a boiling noise detection system
and to avoid cavitation erosion.

A three-dimensional finite-element flow net of a 450 r/min impeller design has been se: up
and evaluated and the maximum pressure drops in three representative areas of the blade inlets
have been calculated. These calculations confirm that the blade inlet geometry of the design mat-
ches the inlet hub/shroud flow distribution very well with similar cavitation curves right across the
blade inlet. The margin between the 18 m net positive suction head (NPSH) available and the
theoretically required NPSH at 450 r/min is about 67% at duty flow. Real fluid flow effects, impeller
geometrical imperfections and scaling errors between calculated model and full-scale performances
will reduce this margin, but it gives confidence in the prospects of getting a satisfactory perfor-
mance at 450 r/min at both 4/4 and 3/4 pump operation.

A comparison made between the theoretical and experimentally measured inlet flow distribu-
tions on the % scale model showed good agreement.

The 'Л scale pump has now been rebuilt with the lirst stage impeller only fitted. This was
assembled in the rig with the inlet modified to improve the inlet flow distribution. Thread indicators
fitted just upstream of the impeller inlet showed that the inlet flow was excellent, being steady and
radially inwards at all stations around the inlet annulus. Hot wire measurements of the inlet flow
confirmed the steadiness of flow.

Visualisation tests showed that the cavitation inception curves of each blade are now much
better defined, but the overall performance of this impeller design has not changed. Noise
measurements confirm the visual onset of cavitation at 750 r/min, but at 1500 r/min theie is another
source of noise which masks the onset of blade cavitation. This may be a leakage path that only
opens up at higher pressure differences but it has not yet been located.

The rig to test the full size primp bearing in water has now been commissioned. Load capaci-
ty was measured at zero and at 450 r/min, for loads applied in the vertical direction, up and down.
After correction for shaft weight, the non-dimensional load capacity at an eccentricity ratio of
Yc = 0-5 was found to be 0 • 223 for zero shaft speed, and 0 - 265 at 450 r/min. The supply pressure
was kept at 9- 1 bar tor both tests.

Pressure profiles have been recorded for a concentric bearing at various shaft speeds bet-
ween zero and 500 r/min.

Dynamic tests have been performed for a shaft speed of N = 100 r/min with a supply pressure.
Ps, of 0-5 bar, and again at N - 200 with Ps = 1 -8 bar (Yc = 0-4). For these tests the shaft
was supported on a single loading spring assembly to take the shaft weight. The others were discon-
nected, and the out-of-balance mechanism was taken through a range of speeds which took the
shaft through, and well above, resonance. As the out-of-balance mass WHS aluminium, the dynamic
force levels were not sufficient to give repeatable orbit measurements brjlow shah resonance but.
at a resonance and above, repeatable measurements of amplitude (orbit radius! and phase angle
were taken.

By considering the shaft/bearing as a single degree of freedom system with viscous damp-
ing, and by plotting the amplitude and phase angle against out-of-balance rotational speed, the amount
of damping is demonstrated, in terms of damping ratio, by the shape of the curve. With a supply
pressure of 0 • 5 bar the damping ratio was around 0 • 8 and this increased to 1 • 0 for a supply pressure
of 1 • 8 bar. With this amount of damping there is no resonance peak and the actual resonance fre-
quency can only be determined by phase angle measurements.

A heavier out-of-balance mass will be fitted for the dynamic tests at higher bearing pressures.

6.2 HALIP pumps

Work has continued on the development of the Helical Annular Linear Induction, EM Pump
(HALIP). This type of pump comprises a 6-start helical coil of mineral insulated cable wound on a
ferritic former having salient poles, and inserted into a ferritic tube which forms a sodium annulus
with longitudinal baffles to encourage axial flow of the sodium. The pump can be used fully immersed
in the primary sodium circuit at temperatures up to 600°C and has the advantage that the windings
can be withdrawn and replaced without disturbing the pump duct and connecting pipework.

The first series of sodium tests on pumps with 89 mm and 133 mm core diameters are now
complete, and the extensive data obtained are being analysed. The aspects of performance in-
vestigated include:

(i) Pressure v flow at drive currents up to 600 A
(ii) Pressure v flow at supply frequencies between 20 and 200 Hz
(iii) Pressure v flow at temperatures between 200 and 500°C

The 89 mm core diameter pump has been removed from the test section for modifications aimed
at improving its performance. The existing membrane-type vanes are now being replaced with 3 mm
diameter tubes: the ends of the windings are being caulked to reduce flow leakage, and the winding
slots of the core are being fitted with shim covers to reduce flow friction head losses. This pump
will then be reinserted into its former flow shell for a second series of tests, to allow the effects
of these modifications to be observed.

Tests on the magnetic flux produced by a model of this pump core profile indicate a strong
5th harmonic component travelling in the reverse direction to the main magnetic field. Tests are
to be continued on other core configurations.

Fitting of the various components of a larger pump having a 200 rnm core diameter has been
completed and the core assembly has been installed in the winding machine ready for winding the
total of 12 Ml cables, each of 9 mm diameter into helical slots in the 1500 mm long core.
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6.3 Alternative shutdown system

CDFR will be provided with an additional core shutdown system entirely separate from the
primary systems of control rods and shutdown rods, and of a completely different design. In the
alternative system. 6 absorber rods are held out above the core by sodium pressure provided by
HALIP pumps, and are released by interrupting the electric power. upply to the HALIP pumps. The
rods are initially cocked using a tool suspended from the rotï:.-.i^ shield which is then withdrawn
so that there is no direct connection between the rods and the roof. This ensures that the function-
ing of these rods is independent of relative motion between the core and the Above Core Structure,
such as might occur in a seismic event.

This system is being tested in water using a jet pump to simulate the HALIP pump. After
various alterations and improvements, both to the system and to the test rig, drop times have been
achieved which are acceptably close to the target of 1 s. An extensive series of drop tests is cur-
rently under way to observe any deterioration in performance which may result from impacting of
the rod on the outer shell at the end of the free fall.

The detail design of a seismic test channel has been completed, and orders have been placed
for the manufacture and/or procurement of all detail components. The major items have been delivered
and assembly is proceeding. Testing is due to commence shortly.

6.4 Tube bundle vibration

In order to carry out studies on the vibration of tube bundles in steam generators and IHXs.
a full scale 120° sector model of a PFR Replacement Superheater Bundle has been constructed.
It is supplied on the shell side with water at (or above) full design flow, and measurements of the
tube vibration are taken by inserting accelerometers down the tube bores.

In order to simulate variations in individual tube supports, the model grids contain a range
of grid/tube clearances. Additionally the grids are adjustable radially so that a range of tube/grid
side loadings can be applied. Finally, the axial position of the grids is adjustable so that the effect
of variations in grid spacing can be examined.

This rig has now been commissioned and experiments have begun. All the U-tubes have been
monitored for vibration at full flow, both on inlet and outlet straight legs, using acceleromelers. The
maximum recorded vibration amplitude is = 130 ym at a frequency of 30 Hz on a maximum-grid-
clearance inlet-side tube which is receiving poor support from two pairs of adjacent grids near the
flow inlet. There has been no indication of eddy resonance or fluid elastic instability.

In general, tubes respond at 60-100 Hz when there is good support by all grids, and 10-60 Hz
in areas of incomplete support because of tube-grid clearances and the absence of side loads. Work
is continuing on the analysis of the results but there appears to be a strong relation between vibra-
tion amplitude and tube-grid clearance. The average vibration amplitude for inlet side lubes with
the maximum clearance of 0- 5 mm is approximately an order of magnitude greater than for those
tubes with the minimum clearance of 0- 1 mm.

Acceleromelers have also been attached to individual bends which have shown signs of hav-
ing greater than average amplitudes, as judged from data taken as the start of the tube curvature.
Measurement of vibration of these selected U-tube bends has shown that maximum amplitudes of
= 130 pin are very similar to those recorded on the inlet legs.

The sodium inlet sides of all tubes have been pushed down by about 10 mm to simulate the

relative differential expansion at U-bends. Whilst some tubes showed increased tevels of vibration,
others vibrated less. However, there was no change in the overall maximum amplitudes and there
were no signs of tube resonance, all response being narrow-band random with a Gaussian amplitude
probability distribution as before.

6.5 Under-sodium insulation

A one-metre high portion of under sodium insulation is under test in the Risley Nuclear
Laboratories. It consists of a pack of vertical stainless steel sheets with sodium between them, and
the object of the experiment is to measure the effect of sodium leakages past the edges of tho plates.

The first series of experiments has now been completed at constant heat fluxes varying from
3 • 5 to 17 • 6 kW/rn1. overall temperature differences in the range 10 to 50° C, and average cell Nusselt
numbers increasing with heat flux from 1 -024 to 1 -288. The results are in good agreement with
theoretical predictions. Further tests at higher heat fluxes have now baen completed and are being
analysed.

6.6 Failed fuel detection

The performance of the PFR Failed Fuel Detection System is being investigated using a %
scale water model of the above-core region. Both the transit time from an individual sub-assembly
to the IHX take-off and the anenuation of the signal are measured by supplying the sub-assembly
with water containing a known concentration of dye, and measuring the resulting dye concentra-
tions at ten sampling positions in each heat exchanger. The dye concentration measurements are
made by a specially developed multi-channel fibre optic installation,

6.7 Under-sodium vieWer

The Under-sodium Viewer was successfully loaded into PFR at Reload 6. It comprises an ar-
ray of 12 ultrasonic transducers mounted on the end of a 10 mm long vertical tube which is fined
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. It monitors the relative positions of the tops of the
individual sub-assemblies and the relative heights of the individual wrappers to an accuracy of
= 'A mm.

The equipment performed extremely well, and much useful data were obtained for off-line
analysis. One of the greatest complications in analysing the data has been the establishment of
the absolute location of measured points, there being no suitable reference targets in the core
assembly. However, a comparison of available engineering data and ultrasonic ranging measurements
in the horizontal plane (where guide tubes are the principal points of reference) has given confidence
in a calibration precision of about 1 mm for the fuel sub-assemblies.

Comparison of the viewer data with other sources has also been made. In general, the
ultrasonic measurements agree with those taken by charge machimj manipulation, but they have
greater precision and. of course, are greater in number. Agreement is best for height measurements,
as might be expected Irom the difficulties encountered with bow measurements.

Development of the analytical procedures continues, with thu aim of speeding up the data
processing in future. The viewer is now stored in the mortuary at PFR, and will be available for use
during future shutdown periods.



52 6.8 Thermal fatiyue

A large test facility has been built at the National Nuclear Corporation's Laboratories at Risley
to subject typical structural components to representative thermal cycles so as to determine the
life to failure of these components. There are three large salt baths, one maintained at about 225°C.
and the other two at 6OO°C. One of the high temperature baths is used in conjunction with the
low temperature bath for rapid thermal cycling (thermal shocks), the other is used for longer term
soaking of specimens to investigate hold time effects.

The facility comprises a control room, comprehensive instrumentation including a
microprocessor, a transier mechanism for automatic handling, and equipment for preheating, cool-
ing, washing and inspection of test specimens.

An initial batch of eight 75 mm diameter cylindrical Stainless Steel Specimens has been tested.
They were subjected to thermal shocks between 600°C and 250°C, giving a strain range of about
1%. Cracks appeared in five of the specimens after 800 cycles.

6.9 Primary circuit flows

The primary circuit of CDFR comprises a hot pool with a free surface and a cold pool below
the diagrid. these two being separated by a stagnant intermediate plenum.

Flow patterns in the hot pool are being investigated in 1/15 scale water models, using brine
• to simulate cold sodium during transients resulting from reactor trips. Similarly, flow patterns in
I the cold pool are being investigated in a 1/12 scale water model using methanol to simulate hot
! sodium resulting from secondary circuit trips.

i The intermediate plenum provides a thermal barrier between the hot and cold pools maintain-
, ing the temperature of the hydraulic boundary between the pools at the cold pool temperature and
,• providing extended venical temperature gradients in the inner tank, component standpipes and com-
; ponents passing from the hot to the cold pool.

The design objective is to establish a stable, stratified sodium-filled plenum about 3 m deep,
> above the horizontal pool boundary. Under steady-state reactor operation this intermediate plenum
] will have a hot roof and cold base. This stable condition can be disturbed by possible heat sources
'• and sinks on the vertical boundaries, which will give rise to natural convection flow within the plenum,

and by any leakage flow from the hot pool.

During reactor trip transients, the hot pool temperature will fall to approximately the core
inlet temperature with the primary pumps continuing to run. except for the loss of a.c. supplies when
the pumps will also be tripped.and run down to the pony motor flows. This replaces the essentially
stable steady-state condition with the unstable condition of cold sodium above hot sodium.

The objectives of the validation programme are to evaluate:

lil the enhancement of heat flow passing through the plenum due to heat flows through
the vertical boundary,

liil the transient behaviour where the roof of the plenum and possibly the vertical walls are
suddenly cooled, and

(iii) possible leakage effects from the hot pool.

The tools needed to aid design and give predictions of performance are:

(il Water rigs

lii) Liquid metal rigs
(iii) Computational methods

and all three are being pursued.

6.10 Thermal striping

As mentioned in previous reviews, flow and power variations between individual sub-
assemblies, particularly at the core/blanket boundary, lead to significant temperature differences
between the streams of sodium emerging from adjacent sub-assemblies. These streams of sodium
at differing temperatures rutain 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 forma-
tion and propagation.

The new '4 scale air model has been commissioned and is working well. In it. a core flow
pattern may be simulated by controlling the flow to about ± 1 % with pre-set gaps and prescribed
temperatures set with individually controlled heaters in each core and blanket model sub-assembly.
Models of the blanket, blanket reflector and some outer core sub-assemblies have temperature sen-
sors both within the sub-assembly and at the reactor thermocouple position. The temperatures may
therefore be set either to that recorded in the reactor or that predicted by reactor physics calculations.

Using this rig the thermal striping amplitudes in the PFR above-core region, corresponding
to any core loading, can be predicted with considerable accuracy. These are then compared with
allowable values determined using a design fatigue curve and a Miners'law type summation. Results
of this work have been published in a paper entitled "Thermal Striping in Liquid Metal Cooled Fast
Breeder Reactors" presented by C. Betts et al to the 2nd International Meeting on 'Thermal Hydraulics
in Reactor Systems' held at Santa Barbara. California, USA in January 1983.

6.11 Turbulent diffusion of heat

The Jet-in-Pool Experiment at the CEGB Berkeley Nuclear Laboratories is designed to provide
quantitative data on the turbulent diffusion of heat in recirculating sodium and water flows. These
data are required to assess the uncertainties in the use of water models for predicting thermal tran-
sients in the primary circuit of the reactor. The experimental phase of the work is complete and
the data have been analysed with the finite-element code. FEATT-1. The results of this study have
been used to devise a correlation between the behaviour in liquid mutai and water flows. By use
of this correlation and a suitable computer code, observations made in a water model can be cor-
rected to those appropriate for the reactor. Work is continuing to establish the range of validity of
this correlation.

7. MATERIALS DEVELOPMENT

7.1 Fabrication and inspection

In the uiodified J-tube style of steam generator, which has been selected for CDFR, the
9 Cr 1 Mo tubes can be attached to the 9 Cr 1 Mo tubeplate at the hot end of the unit, anywhere
along the bore of the tubeplate holes, but because of assembly difficulties th'.- corresponding con-
nection at the cold end must be near the lower surface of the tubeplate. Both fusion welding and



explosive welding are being developed as a means of tube-to-tubeplate attachment. The fusion
welding approach is being undertaken by Babcock Power Ltd who have developed an orbital welding
head which can be accommodated within the 17 mm clearance between the steam tubes and which
is capable of adding filler wire. Trials are in progress but no difficulty is foreseen in establishing an
acceptable parametric tolerance range; the main problem will be in achieving satisfactory reliability
from such a miniaturised welding head. IRQ are investigating the explosive welding, route, using
the impaclor method, and have already shown it to be feasible for single hole specimens. These
will be followed by multi-tube trials. As the method is relatively novel compared with fusion welding,
the programme will include a wide range of supporting mechanical property and corrosion tests.

Ir. the CDFR intermediate heat exchanger, it is envisaged that relatively thin tubes will be
used and therefore explosive welding is expected to be the preferred method for attaching the tubes
to the lubeplates. A procedure has been developed using the impactor method, and parameters have
been selected for tubes of various diameters to provide design flexibility. A considerable programme
of supporting tests is planned to substantiate the chosen method.

Two specimen narrow-gap welds have been prepared in a horizontal Type 316H pipe with
a diameter of 350 mm and with a wall thickness of 65 mm. One of these contains deliberately induced
cracks; the other is believed to be free of defects and will be used for mechanical property studies.
Both welds are awaiting detailed ultrasonic inspection and radiography.

In the programme to evaluate the properties of the 17/8/2 type of weld metal, all the MMA
joints in 20 and 50 mm thick plates have been welded and radiographed; some are being machined
into test specimens while the remainder will be examined ultrasonically to give further information
about the effect of weld structure on defect detectability. The programme is being expanded to
include MIG, TIG and submerged arc welds because of the possibility that these processes will be
required by the fabricators: specimen welds are being manufactured.

Deposits of Deloro 3040 produced by the TIG and plasma transferred arc processes are both
prone to cracking and. becausa of this, attention has turned to the possibility of using chrome car-
bide, where a cobalt-free alternative to Stellite is needed for high temperature applications. Surface
coatings of chrome carbide have usually bean applied by the D-gun process developed by Union
Carbide. A comparison of specimen samples prepared in :he US and the UK was undertaken, but
has bean delayed when the latter were found to be outside specification. Because of the relatively
high cost of the D-gun process, a small programme of work has begun to investigate possible alter-
native methods. Specimens have been prepared by the plasma transferred arc technique and aie
awaiting uibological testing. Other possible coating processes include high energy plasma spray,
either with shrouding or in a controlled atmosphere, and laser glazing. There is also interest in the
application of hard facings to the bores of various tubular members such as diagrid bushes and fuel
support tubes. Stellite 12 is being investigated for this purpose and its deposition by the plasma
transferred arc method and the insertion of liners of this material by brazing are being examined.

Facilities for the optical inspection of tube boies have been expanded by the purchase of a
closed circuit TV camera with a fibre optic attachment. A contract has been placed with Bdbcock
Power Ltd to study the effect of magnetite layers on the performance of the Circograph rotating
probe system for the detection of defects by their effect on eddy current icsponse. Basic studies
of the applicability of pulsed eddy current techniques for the inspection of austenitic tubing have
been the subject of a separate contract at London University. Partially automated ultrasonic equip-
ment for the measurement of tube wall thickness was purchased from Neratoom anu commissioned.

A number of deliberately defective austenitic welds, produced ai RNL by the manual metal
arc method, were given a detailed examination by the AERE Time of Fliyht (Diffraction) technique,
after which the defects so determined were compared with the actual delects revealed by destruc-
tive metallography of the welds. The general conclusion appears to be that the method is capable
of sizing defects in this kind of weld, although a variety of probes anti probe separations are re-
quired, depending on the weld structure. The signal-to-noise ratio is not good enough to rely on
this method for defect detection, although there is a reasonable chance that a pair of probes could
be used to detect delects by pulse echo arid then to size them by ths diffraction technique.

Following the completion of the experimental programme to assess the effect of various
parameters on the transmission/reflection of ultrasound by a narrow srnooth-sided crack, the sub-
contractor submitted a summary report from which it was clear that the experimental results did
not agree with the theoretical predictions of ultrasound behaviour using the model developed by
AERE. Work has begun under a further contract to investigate the sources of the discrepancy.

7,2 Mechanical and physical properties

7.2.1 Ausienitic steels (Type 316)

The agreed development specification for Type 316 stainless steel, based on CEGB data
analyses, has been used for a trial melt by BSC. This material is presently being fed into our internal
and collaborative programmes. Analyses of data on 316 weld metals are similarly leading to tighter
specifications.

Creep/fatigue tests have begun at lower strain ranges which anj more appropriate to typical
design situations than the ones used in earlier tests. The initial experiments involve a strain range
of 0 • 6%. Considerable cast-to-cast variation has been observed, which can be correlated with stress
rupture ductility. Because of the long test times required under these conditions, progress is slower
than with higher strain ranges.

Four creep/fatigue tests under conditions of constant stress rather than constant strain have
been completed. In all cases the cumulative creep strains exceeded 100%, and were somewhat
higher than those usually observed in the more convention?! constant strain creep/fatigue tests.

A programme of complex cyclic stress strain tests has been completed, whose purpose was
to evaluate the amount of deformation or ratchetting which can be expected in. components over
the temperature range 0 to 400°C. The results indicate that the degree of ratchetting is likely to
be gruatar at room temperature than at 400°C.

Various tests have been performed at room temperature and at 400°C to explore what strains
might arise in components operating with the maximum stress levels allowed by the current design
codes. The results confirm earlier views that strain levels can exceed 1% in such circumstances.

Earlier deformation tests at room temperature and at 400°C showed that a surprisingly large
amount of plastic straining can sometimes occur, and to see whether this affected fracture toughness
behaviour, resistance to growth (R) curves were plotted under conditions of very slow loading, with
a dwell of 100 h at each value of load. Although a marked time-dejiendent effect was observed
with high loadings at room temperature, the effect was only significant for crack growth beyond
1 mm, the consequence being a reduction in the slope of the crack growth resistance curve. Similar
tests are planned tor 400°C. This behaviour is not considered to present a serious problem as it
only manifests itself when the loading limit is approached.
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54 To acquire a broader data base for the fracture toughness properties of austenitic weld metal,
specimens from four different welds haue been tested at 3 7 0 " and 55O°C. corresponding to the
diagrid and above-core structure respectively. The results confirm earlier conclusions, based on very
limited data, that the initiation fracture toughness for weld metal in the as-weldud condition is about
half the lower bound value for wrought material. The investigation has been extended by the inclu-
sion ot material aged for 30.000 h at 625°C. This treatment produced a drastic (eduction in the
fracture toughness of the wrought material, with the result that there was then little difference bet-
ween its fracture toughness and that at the weld metal.

Material adjacent to welds generally has a high hardness resulting from plastic deformation
during thermal shrinkage, and may therefore have properties different to those possessed by the
material in the standard solution treated condition. It is proposed to investigate this by including
cold worked material in the test programme, although it is considered that the best guide to proper-
ties in the weld region is provided by a suitably designed featues test.

The generic in-air test programme on the mechanical properties of Type 316 steel and its
weld metals is continuing. This is investigating the relationships between microstructure, composition
and mechanical properties during long-term exposures to service conditions, including likely fault
situations. Increased emphasis is being placed on the behaviour of weidments and the influence
of post-weld heat treatments.

Mechanical property investigations conducted through international collaboration have
demonstrated that irradiation wi th associated helium production, equivalent to one year's opera-
tion of critical CDFR structures, significantly reduces the creep rupture and creep/fatigue properties
of 316 steel.

The effect of irradiation on crack extension under cyclic stressing was examined by measur-
ing the propagation rate at 550°C in specimens which had been subjected to prior irradiation at
the same temperature, corresponding to the lifetime dose I0 • 5 dpa) experienced by the above-core
structure. Under the rapid cycling conditions employed, the behaviour was virtually indistinguishable
from that of the unirradiaied control specimens. This is consistent with the expectation that severe
irradiation effects will only manifest themselves under very slow straining rates, which will be the
subject of further tests in 198Э.

Small scale sodium tests have been used to investigate accelerated failure of steels in con-
taminated sodium. Type 316 steels, in various metallurgical states, have been exposed to several
sodium-sodium hydroxide mixtures under low stress creep conditions. Tests are in progress on 9 Cr
and 2-25 Cr steels in simulated HAZ conditions.

The programme of creep testing in high flow rate sodium in the CEGB MEL facilities has pro-
gressed to a series of priority tests to identify specimen microstruciures or conditions which are
sensitive to the test environment. Routine measurements of the sodium chemistry have confirmed
that the test conditions are representative of the low impurity levels expected in normal reactor
operation.

7.2.2 Ferritic steals (2'A Cr and 9 Cr}

Economic considerations have caused NNC designers to adopt a unit size for the CDFR steam
generator considerably greater than previous designs. The large diameter requires a very thick
tubeplate at the high temperature end. Because of the growing interest in the potentialities of
9 Cr 1 Mo steel tor this purpose, an exploratory study was carried out to investigate the likely pro-
perties of material produced in section thicknesses uo to ~ 600 mm. In these experiments. 9 Cr 1 Mo
bar was heat treated in a manner reasonably representative of the conditions calculated to exist

in the centre of a large forging during cooling. After re-tempering, the material was subjected to
tensile testing, when the strength values obtained were only slightly below the average for nor-
malised and tempered bar and tube material. In addition some preliminary strain controlled tow cycle
fatigue tests gave endurances very similar to those obtained previously with normalised and tempered
bar. So, although it remains to be proved that the strength and the creop/fatigue properties of thick
section material will be similar to those obtained with standard thin section material, the general
insensitivity of properties to the method of heat treatment suggests that this is likely to be the case.
In this circumstances. 9 Cr 1 Mo steel would have considerable advantages over 2'/« Cr steel, par-
ticularly in respect of its creep/fatigue properties, and it has now been adopted as the preferred
material for this application. A draft development programme has been prepared and discussed in
considerable detail. One of its main objectives is to determine the actual properties of the material
in thick section by diiect measurement, particularly as regards the creep/fatigue behaviour. It is also
essential to establish the degree of cleanliness of a forging produced by currently available steelmaking
routes. At present the designers wish to preserve the option of making the tube-to-tubeplato at-
tachment by either fusion welding to pintles machined on the bottom of the tubeplate or by explo-
sive welding. The former method is only practicable if the forging is extremely clean and free from
voids and/or inclusions, so it is proposed to explore more than one steelmaking process.

Work has continued in the CEGB on an investigation of the mechanical properties of 9 Cr
steels in various metallurgical states. These are designed to cover extreme examples of microstruc-
tures likely to be induced by cold work or welding during fabrication. The work includes the influence
of slow cooling typical ol that experienced in thick sections. This programme is largely complete
for 9 Cr 1 Mo steel and is now concentrating on the stronger, modified 9 Cr steels developed in
the USA, Japan and France.

Studies are in progress on a strengthened ferritic steel recently developed in the USA. Test
sections of this steel have been installed in the superheater of a CEGB power station which has
operated successfully since August.

7.3 Waterside corrosion

After an extended stiut down, during which the main circulation pump was repaired, the ex-
perimental programme on the RNL Model Boiler Test Rig has restartad. The next experiment will
be to study salt hideout effects in the presence of sulphate contamination, using a heat flux at the
inlet of the 2'A Cr test section somewhat in excess of that used in PFR.

Further detailed metallography has led to a re-interpretation of corrosion behaviour in an earlier
experiment on the AERE Mild Steel Loop when a 9 Cr 1 Mo test section with spark eroded defects
was subjected to water containing 2 ppm sodium bisulphate for 4100 h at a heat flux of 685 kW/m1.
It was reponed earlier that enhanced corrosion anack occurred in defects due to concentration of
sodium bisulphate by boiling. The extent of attack increased with distance into a defect, reached
a maximum (at around 500 jim] and then declined. It was postulated that the solubility limit of sodium
bisulphate had been reached at around 500 //m and the decrease in corrosion beyond that point
was due to local dryout and precipitation of sodium bisulphate. Further examination of the defects
has now shown the morphology of the oxids layer at the base of defects to be typical of that form-
ed under liquid phase conditions. Furthermore, there is no evidence for precipitation of sodium
bisulphate. It is concluded that a film of sodium bisulphate solution (concentration increasing with
di'nth) is present on defect surfaces. The observed peak in corrosion rate (at around 500 ym) is
assumed to be a characteristic of sodium bisulphate solutions (which is similar to sulphuric acid
solutions), whereby corrosion at first increases with concentration, reaches a peak, and then declines
as the concentration is raised further. After a delay, during which a number of engineering modifica-



tions have been effected, the next test will involve a 9 Cr 1 Mo test section containing spark erod-
ed defects exposed to conditions modelling acid sulphate/chloride fault water chemistry.

Following the proposal to achieve pan load operation of the CDFR boiler by the adoption of
a sliding pressure method, a series of experiments have been performed to assess possible salt deposi-
tion. Solutions of Na,SO,. NaHSO, and NaCI. labelled with "Na ware injected into the loop at five
different concentrations and the deposition behaviour at the dry-out zone was then compared for
pressures of 180. 140 and 124 bar. corresponding to 100%. 50% and 30% of full power opera-
tion. The deposition rates were found to increase as the pressure was reduced, particularly in the
case of NaCI, and it is believed that this reflects the sharp pressure dependence of the solubilities
of the salts in steam. More detail analysis of the results is now in progress.

7.4 Absorber materials

7.4. I Laboratory test programme

Cracking of boron carbide pellets has been observed, both in erosion/corrosion tests in the
MCTR sodium loop at Risley and in parts of PFR control rod pins not subjected to high levels of
irradiation, and has been shown to be caused by thermal shock. There is no evidence of any tendency
tu disintegrate into fine particles which might interfere with the integrity of the pellet/clad gap.

. 7.4.2 PIE of pins from a PFR boron carbide control rod

Three boron carbide pins in a PFR control rod. which was irradiated for 183 efpd. have been
subjected to detailed PIE in the Mayfair facility at Culcheth, including measurements of pin bow
and of pin diameter changes.

The maximum bow is in the direction away from the core centre, and a simple explanation
of this behaviour has been proposed which is that the flux gradient caused pellet bow rather than
clad bow. This will be tested when the results of burn-up measurements on materials from these
pins are available from AERE.

; The strain pattern along the pins is roughly in accoid with expectations from computer model-
ling, but an accurate comparison between the actual behaviour and that predicted using the BORCON
model must await the results of the burn-up measurements.

Interaction between the pellet and clad began before 180 efpd. in accordance with the original
prediction of 120 = 50 efpd but it appears that if the reactor operating schedule is not made more
demanding, exposure of the tods for 180 efpd is permissible.

Visual examination of the bores of three pins showed that the diffusion barrier seems to be
intact and metallographic sections at four positions in one pin confirm this.

7.4.3 PIE of irradiation experiments

Capsules from an experimental pin containing boron carbide pellets have also been sent to
Culcheth (or examination after an irradiation of 136 efpd. These are the first samples from the PFR
in which the diffusion barrier was omitted.

A tantalum mini-rod experiment was also removed after 136 efpd. An initial inspection of
the surface of the discs showed that the protective molybdenum coating was still in good condition

55 in a" except thiee cases. The lack of any significant weight changes showed that the loss of tan-

talum was negligible, even in discs whose coating had been damaged.

7.5 Tribology

The tribological behaviour of contacting surfaces in sodium environments depends on whether
lubricating surface oxides can be formed under these conditions and also on the ability of any oxide
films, resulting from prior exposure, to withstand the wear caused by subsequent rubbing and fret-
ting movement. Earlier work concentrated on the conditions required for chromite film formation;
recent studies have given increased prominence to the kinetics of its formation and dissolution at
surfaces of materials such as 316 steel and to the durability of the oxide when subjected to stan-
dardised rubbing conditions.

Improvements in the method of estimating "spot" friction values by the use of a suitable
desk top calculator have been reported previously. Further experience has confirmed the value of
this approach, which has now been adopted as standard, and modifications to the method of locating
the specimens enable the technique to be used to monitor friction coefficients during sustained rub-
bing under load.

These studies of oxide formation under fast reactor conditions have pointed to a degree of
chromite durability which could be significant for many reactor situations. At low oxygen levels and
at the highest reactor temperatues, surfaces should be assumed to be bare; at slightly lower
temperatures and at moderate oxygen levels, such an assumption may well be unduly pessimistic.

8. CHEMICAL ENGINEERING/SODIUM TECHNOLOGY

8.1 Corrosion, mass and activity transfer and deposition

8.1. 1 Corrosion and mass transfer in sodium

Studies of the interaction of fast reactor materials w'th liquid sodium and cover gas environ-
ments have continued ai RNL. Corrosion losses of the PFR replacement tube-bundle grid assembjy
material (aluminised Inconel 718) are acceptably low; perturbations in the corrosion rate reported
previously are now known to have coincided with the introduction into the loop of oxide contaminated
specimens received from the USA. Adsorption of nitrogen by steals in the cover gas (sodium
vapour/argon/about 2000 vpm nitrogen) has been shown to reduce ductility significantly. However,
the reductions were associated with the post-necking part of the stress-strain curve rather than
with premature failure of the surface layers of the steels.

8.1.2 Activity transfer and deposition

During the year, major improvements have been made to the RNL Small Active Loop and the
Harwell Active Mass Transfer Loop. Currently, the RNL loop is being used to determine whether
1-"Яе and "Mn are transported in sodium in solution or in paniculate form. The Harwell loop is being
used to establish deposition patterns of active species. Preliminary results from the latest series
of tests are in agreement with earlier conclusions that deposition of ! lCo and "Co is controlled by
diffusion through the boundary layer.

Improved techniques are being developed at Harwell to determine equilibrium solubility data
in sodium for elements present in structural materials or formed as activation products. To date.



3b insufficient data are available to indicate whether previously published solubility data IMn. Co. Ni)
require modification.

8. 1.3 Gamma scans of PFR vault and IHXs

Gamma scans have detected predominantly "Co and "'Cs at the bottom of the vault. Acti-
vity levels were higher than expected on the basis of primary sodium analyses, possibly due to
association of active species with an adhering or precipitated carbon layer.

Thermoluminescence dosimeiry has been used to measure the total internal gamma activity
of the IHXs. Paak dose rates were about 2-5 mSv/h, implying about 1 mSv/h on the outside of
the units. The activity profile accorded with lJ'Cs being primarily responsible lor the gamma emission.

8.2 Sodium impurity monitoring instrumentation

8.2.1 Oxygen meters

Harwell Mk IIA oxygen meters are now being produced on a routine basis and are performing
well on test rigs and on the PFR. Performance ot current sensors has improved significantly com-
pared with early prototypes: reproducibility at 10 ppm oxygen in sodium is typically :t 0-4 ppm.
with a noise level of = 0-02 ppm. Several meters have operated for periods of 2 years.

Mk III oxygen meters (short ceramic tube bonded to metal) are being produced in batches.
The use of brazed tapered conical joints between the metal and ceramic appears to have partly solved
some of the problems encountered with the early units. Preliminary operating experience on Harwell
test loops is very encouraging: four units have operated for periods ranging from 58 to 121 days,
and a number is being prepared for more rigorous tt'sting on the recently recommissioned Oxygen
Meter Rig. Calibration of oxygen meters (Mk III and II) is now a routine service at Harwell.

The Mk II oxygen meter installed in the Secondary Circuit Cold Trap Loop (SCTL) has proved
a valuable addition to the available instrumentation Iplugging and hydrogen meters). Oxygen levels
recorded by this meter have been in good agreement with those predicted trom cold trap
temperatures, with the SCTL on recirculation and, in general, with unplugging temperatures as record-
ed during circuit operation.

8.2.2 Carbon meters

Development of the automatic version of the Harwell carbon meter has been slower than
expected owing to programme modifications, but two units are expected to be available (one for
RNE. the other for the PFR secondary circuit) early in 1983. The original (manual) meter installed
on the SCTL at the PFR is still operating; typical carbon activities are in the range 2 to 5 x 10 ' .

8.3 Sodium removal and decontamination

Laboratory experiments at RNL have shown that sodium can be distilled from crevices, annuli
and trapped volumes in simulatea IHX test pieces under the conditions predicted by Langmuir evapora-
tion theory. However, for vary narrow annuli, typically 0-025 mm wide, distillation times appear

to be considerably longer than those predicted theoretically. Initial attempts to remove oxide con-
taminated sodium from crevices, etc. indicate that oxide layers do not significantly aflect distilla-
tion limes.

Assessments of the performance of decontamination fluids has continued at Harwell. A glycolic
acid/citric acid solution has been shown to be promising, removing mutai uniformly from stainless
steels at a rate depending on the sensitisation of the steel, the steel type and the oxygen content
of the solution; the maximum amount of metal removed in any of the tests was low, i.e. about 2 • 5 (im
after 7 days' immersion at 70°C. This solution has been found to be about 5 times as aggressive
as SDG3 solution, which is frequently used to decontaminate mildly active components at the PFR.

8.4 Sodium chemistry and technology

8.4. 1 Impurity control

In the CEGB (MEU/GEC collaborative studies into the kinetics of sodium hydride and sodium
oxide precipitation from liquid sodium, it has been found that the true difference in rates fcr these
species is larger than indicated previously owing to co-precipitation effects. Implications for cold
trap design and performance are being assessed.

Preliminary results from studies to compare cold xrap regeneration methods have shown that
with the trap drained of sodium the vacuum method resulted in rapid decomposition of sodium hydride
and good hydrogen recovery; with an undrained trap, the method was again rapid but hydrogen
recovery was incomplete. The argon purge method was slower and less complete.

Computer modelling of cold trap performance has reached the stage where verification of
predictions is necessary. Theoretical work is directed towards thermohydraulic behaviour in the trap
where convection has been shown to be important.

8.4.2 PFR cold trap loops

Early in 1982. the primary cold trap was removed because of flow problems. Some distortion
of internal components was found resulting in false sodium level readings and temperature instabilities
during operation as the impurity loading increased. Analysis of deposits from the vessel revealed
that the trap had been efficient in removing antimony, caesium, cobalt, manganese, tritium and zinc
from the coolant.

The secondary circuit cold trap basket was changed during the year. In an attempt to model
deposition behaviour and trap performance, examinations are now made of deposits and their loca-
tions. The new basket was carefully surveyed (video recording) before insertion so that assessments
may be made of deposit build-up during the trap's life.

8.4.3 DFR decommissioning

During the year, the NaK(OH) direct conversion plant has been modified (principally erection
of shielding) for processing primary NaK (57 t, about 20.000 Ci). Other important points in the decom-
missioning programme are:

- All twelve copper-bonded secondary heat exchangers have now been stripped and
despatched for disposal. Blockages were encountered in most units Isome extending
over 30 m of pipe), which had to be cut out and cleaned before disposai.

- Of the five 10 t above-ground dump tanks, which at soma stage had contained primary
NaK. four have been despatched for disposal as low active waste.
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- Six consignments of the DFR's experimental fuel have been despatched from the storage
pond to the examination caves, and a similar number have been received for storage.

8.4.4 Carbon in sodium, carburisation and carbon chemistry

Investigations have continued at CEGB BNL into the time dependence of carbon diffusion
into PFR sub-assembly wrapper steel (Type En58B stainless steel) during exposure to high carbon
sodium. Estimates of the time to establish equilibrium at the surface of the steel are considerably
in excess of those predicted by RNL, and experiments are in hand to resolve the differences. Diffu-
sion coefficients have been obtained for the transport of carbon within this particular steel.

A relatively large leakage ot oil occurred into the RNL High Temperature Sodium Loop. The
oil pyrolysed and caused blockages (containing up to 14 wi% carboni in the loop cold trap pump
and flow meter ducts. Carburisation of the stainless steel pipework where the blockage was located
was severe; carbon levels of 5-5 wt% were found to a depth of 250 fjm in the steel (Type 316)
in the flow meter duct, but it should be noted that this particular region was heated to about 700°C
for a short time in an attempt to melt-out the blockage. Otherwise, carburisation was limited, and

: little general damage was sustained by the loop.

Studies are under way at RNL to establish the levels of carbon in sodium that are required
to promote a continuous response on a Harwell Carbon Meter IHCMI. Preliminary results indicate
that at relatively high carbon in sodium levels (metal/metal carbide source), the output from the
HCM is closer to theoretical expectations than was previously believed on the basis of nickel tab
calculations.

8.5 Sodium leaks, fires and aerosols

8.5. 1 Effects of sodium leakage onto concrete

A further test in the series designed to simulate conditions after a large sodium leak onto
the floor of a PFR secondary circuit cell has been carried out at ONE. A 'deep' (31 cml pool of sodium
was maintained at 420°C for 2 h in contact with a concrete block of similar construction to that
used for the cell floor, covered with a passive fire suppression tray of the Karlsruhe type. No loss
of integrity of the concrete block was found but some minor dehydration of the block occurred.

8.5.2 Extinguishants for fires

Laboratory tests at CEGB BNL have demonstrated the potential of Graphex CK23 as a sodium
fire extinguishant. To assist in its assessment as a standard extinguishant. tests have been carried
out recently with a large (25 rn2l, high temperature deep pool fire at DNE. Preliminary results in-
dicate that Graphex, in either powder or pellet form, was very effective in combatting the fire.

8.5.3 Sodium firs aerosols

Aerosol studies at AEEW have been concerned with calibration of aerosol analysis and sampling
equipment (particle size distribution, particle number concentration, and mass concentration) in the
context of LMFBR safety evaluation. Aerosol production techniques have been assessed, and it is
now possible to produce sufficiently well defined aerosols for calibration purposes. AEEW took part
in the CEC sponsored Sodium Fire Aerosol Intercomparison Experiment at the FAUNA facility in the
Kernforschungszentrum, Karlsruhe in October 1982.

8.5.4 PFR aerosol filter

Modifications have been made to the PFR aerosol filter housing to separate the sodium drain-
ing outlet (from the second bank of filters) from the gas outlet that passes on to the absolute filter.
In subsequent operation, flow through the filter has been high, with no evidence of blockage during
reactor trips or any changes in pressure drop across the filter.

8.6 Sodium vapour, heat and mass transfer

Studies have continued at AERE into heat and mass transfer in a fast reactor cover gas space,
with particular reference to adaptor tubes, semi-enclosed annuli and plate insulation, using air/water
analogue systems. Predictive models have been developed for adaptor tubes, and it is intended
ultimately to produce a universal model covering free convection in gaps and tubes in the above
sodium environment.

Work has progressed on the construction and commissioning of rigs which will permit
measurements of heat and mass transfer in a convecting sodium-argon system, and separation of
the components of heat transfer into ccnvective and radiative parts. It forms a vital part of the whole
above-sodium environment programme at AERE in that it will provide the link between theory and
data for air/water systems, and the corresponding sodium/argon systems.

Construction of equipment at Manchester University to determine the emissivity of sodium
has been completed and commissioning is under way. Measurement of emirtance from the (total)
radiation transmitted through a germanium window has been demonstrated with a mock-up test '
section.

8.7 Water circuits

At the PFR, two additional traps have been added to the pre-treatment plant to enhance organic
removal, enabling provision of two streams in parallel with two traps per stream IIRA 958 resin
in the first trap. Dowex 11 in the second). During the 1982 period of high organics, both streams
performed well, removing 80-85% of the organic material.

Studies to optimise the technique for magnetite removal (chemical cleaning) from PFR
evaporator tubes have been undertaken by DNE and RNL. It was found that small additions of EDTA
improved the efficiency of the previously used inhibited citric acid solution. Some metal underlying
the magnetite is dissolved in the cleaning process, but the amount is acceptable (about 10 |im of
metal for 60 (im thick magnetite scale).

9. FUELS DEVELOPMENT

9.1 PFR experience

The reactor is IMarch 1983) pan-way through Run 7. Recent runs have changed from the
initial design length of 42 equivalent full power days (efpd) to a length of over 90 efpd. The currently
planned Run 7 will terminate with 455 efpd aggregated since reactor start-up. The reactor will have
achieved 10% burn-up in standard fuel and over 12-5% burn-up in experimental clusters at the
planned end of the run. The number of pins irradiated in sub-assemblies and experimental clusters
is around 40.000. So far, the only failures detected in fuel have been in higher-rated experimental
vibrocompacted fuel. There are 6 standard-rated full sub-assemblies of vibrocompacted oxide fuel.



58 5 of which were loaded when the reactor started up. Three are still in the reactor and a peak of

over 8 - 0 % burn-up has been achieved without pin failures (i.e. at normal ratings).

9.2 PFR post-irradiation data

The post-irradiation studies carried out on PFR fuel have been strongly focussed on giving
support to operational decisions. Attention has therefore been concentrated on non-destructive
measurements of wrapper length, bow and departure from a right hexagon (dilation), and pin length
changes.

PFR fuel pins have been subject to destructive examination covering the inner and outer zones,
medium and high burn-up, vibro and pellet fuel, and experimental high-rated vibro Mk 1a design
in which two failures occurred. No unexpected results have been observed for standard pins.

9.3 CFR development

Three questions of specific relevance are being addressed, namely.

(i) How will materials able to withstand extended burn-up (say 15%) be selected?

(ii) How will pin designs be evolved capable of achieving high burn-up?

(iii) How will confidence in the CFR core design be established?

9.3.1 Materials

Experience to date in large prototype fast reactors has focussed attention more on structural
distortion of sub-assemblies rather than on pins, which have behaved very successfully. Based on
substantial data obtained from the DFR. Nimonic PE16 was selected as the wrapper material for
PFR (successively displacing solution-annealed 321 steel and then cold-worked 321) and cold-worked
316 steel was chosen for cladding. The wrapper material choice was strongly influenced by void
swelling. The main considerations for cladding were thermal creep strength and fabricability, with
void swelling, ductility and irradiation creep increasingly taken into account.

Wrapper extension measurements in the two wrapper materials used in the PFR (that is,
Nimonic PE16 and cold-worked 321 steel) have been obtained from a considerable number of wrap-
pers. Up to over 60 dpa, the length changes do not exceed 6 mm. See Figures 1 and 2 for sum-
maries of the data.

Some data have been obtained on fracture toughness, with initial data available on solution-
treated 321 and solution-treated and aged PE16. The 321 was taken from an experimental wrap-
per, since the specified condition for 321 wrappers is cold-worked (CW). The data show that at
52 dpa, PE16 is considerably embrittled, as shown by a low fracture toughness value of around
20 MPa m'A.

It will be appreciated that the aim is a wrapper of reasonably low and consistent swelling,
commensurate with other desirable properties, up to doses of at least 160 dpa. Main items in pro-
grammes directed to this goal are

(i) Comparison of PE16 wrapper and pin cladding irradiated in the PFR.

(ii) Procurement and irradiation of other austenitic steel wrappers and ferritic steel wrap-

pers in the PFR.

(iii) Fracxure toughness determinations on wrapper specimens and materials specimens.

(iv) Mechanical tests on cross sections taken from irradiated PFR wrappers to determine
their tolerance to displacement loading.

It has been noted that CW 316 cladding has not shown failures in the PFR up to substantial
burn-ups. Cladding development considerations are therefore focussed on the generic topics of void
swelling, creep strength (thermal and irradiation), mechanical properties relevant to understanding
aspects of pin failure, as well as when these failures occur and the achievement of high burn-up.
It is a fact that the highest successful pin burn-up achieved in the DFR, 21 • 5%, was in a pin clad
in PE16. This material has the significant advantage of high thermal creep strength which makes
it notably well suited to sustained released fission gas pressure relevant to high burn-up targets.

Pin irradiations planned in the PFR include cladding made from silicon- and titanium-adjusted
316; a low carbon and niobium version of FV548 proposed by Harwell and designated HL 548, of
higher creep strength and higher recystallisation temperature: Nimonic PE16; 20/25 austenitic steel
dispersion hardened with titanium nitride; and ferritic steels.

It should be noted that other fast reactor developers have expressed substantial interest in
ferritic pin cladding but the fall off in thermal creep strength at high températures is a major con-
sideration for fuel designers.

9.3.2 High burn-up pins

The considerations which dominate the design of pins for high burn-up in the present state
of knowledge are the sizing of the plenum (to withstand the pressure of released fission gas in a
thermal creep mode) and the dimensional changes which occur due to void swelling. In due course,
considerations of fuel/clad mechanical interaction and the mechanical properties of materials (other

than thermal creep properties) will no doubt enter more centrally into the design process. This will
occur when pin failuie statistics reveal mechanisms which can profitably be pursued.

The UK strategy in seeking to achieve high burn-up in pins is essentially a three-part process
as follows:

(i) Determining the performance limits of current designs.

(ii) Loading non-standard designs into the PFR which should achieve higher burn-up from
theoretical performance considerations.

(iii) Irradiating an advanced concept.

In the first category, the Reference Driver fuel design with 325 pins is under irradiation in
the temperature range up to 700°C. Successful pin irradiations to date in full sub-assemblies and
burn-up at the next major shutdown are as follows

Clad

316 cold worked
FV54B cold worked
Nimonic PE16

Achieved

8 - 5
7 - 1
6 - 4

Next shutdown

9-9-
7 - 3
7 - 8

{* Experimental (standard-rated) cluster pins will reach 11 -0%
at this time.)



In the second category, four austenitic claddings CW 316. CW 316 with titanium and silicon
adjustment. HL 548 and CW FV548 are included in PFR pins in which there is also the maximum
plenum length. The ability of thesa designs to reach 15% burn-up is as yet unclear.

In the third category, a speculative design with 265 pins with a higher linear rating of 491
W/cm (appropriate to CFR) and clad in Nimonic PE16 is on order. The wrappers specified are of
a ferritic steel.

9.3.3 Restrained com

There is no alternative for the foreseeable future to designers having to design on the basis
that substantial wrapper and pin distortions will occur from void swelling and irradiation creep. In
the case of the PFR. with a nominally free-standing core (but with limited interference loading oc-
curring), this requires comprehensive surveys of the core to be made by calculation and observation.

For CFR. a restrained core style has been selected with 2 above-core restraint planes. At pre-
sent the void swelling data (and design rules derived from thernl place the designers in the position
where the extremes of materials behaviour could raise problems. It is not a matter of great concern
that this will transpire to be a real situation, but it is one which must be positively dealt with in
development and endorsement programmes.

The two facets of the CFR core design, which must be endorsed, are

(i) the single sub-assembly support stools,
lii) the details of '.he 2-plane support.

The programme of testing to endorse the details of the CFR restrained core involve

(i) Sub-assembly and absorber rod/discharge trials in an SNL rig which is now in operation
(see Fig. 3 for a general view).

(ii) Substantiation of the general validity of the CRAMP code calculating interference bet-
ween core components through comparison with PFR core measurements of loads and
distortions.

(iii) Specific endorsement of the CRAMP code for the CFR lower restraint plane mechanics
through operation of the NNC CRUPER rig, now commissioned (see Fig. 41.

(iv| Irradiation of the PFR Restrained Bow Experiment which will endorse the combined effects
of swelling and creep in a single sub-assembly.

(vl Adhesion and loading trials in sodium rigs on wrapper lengths to endorse support pad
details.

(vi) Restrained sub-assembly water loop endurance tests.

10. SAFETY

10.1 General survey
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The international conference which was held at Lyon in France in 1982 was one of a continu-
ing series of large conferences on safety. The UK presented over 30 papers and sent 45 delegates.
The 1982 conference gave a good review of the status of safety in all major fast reactor countries
in the world. A noticeable tendency was that of considering hypothetical whole core disassembly

(HCDA) accidents to ba demonstably of such low probability that they need not be considered in
a safety case. If this view is accepted by licensing authorities it will greatly simplify the safety case
for future commercial fast reactors.

The calculated yields from HCDAs have progressively reduced so that for at least some types
of accident the mechanical energy yield is near zero. Unfortunately this may not obviate the need
to study HCDAs, since with zero yield The core will not be dispersed and will continue to generate
heat until some other mechanism causes dispersion; this leads to a requirement for more complicated
studies of the "transition phase".

Early in 1982 approval was given for the construction of the low flow boiling rig called SOBOB.
This will yield much information on sodium boiling in sub-assemblies and should be paaicularly useful
for showing that natural conveciive cooling of a shutdown core can always be achieved (see Sec-
tion 10.3.21.

The fuel failure experimental programmes in CABRI and TREAT have progressed well (Sec-
tion 10.2), and have undoubtedly resulted in a much faster development of cades to calculate fuel
failure than would otherwise have been possible.

The computer-based sub-assembly fault detection system has performed well in trials at CEGB
BNL and will soon be installed in the PFR.

Recent fuel-coolant interaction studies at Winfrith have been slanted more towards PWR pro-
blems but nevertheless continue to yield fundamental information on the nature cf the phenomena
involved which is also applicable to fast reactors.

Fast reactor safety assessment work in HM Nuclear Installations Inspectorate (Nil) has con- .
linued at a low level because of the higher priority which has to bo given to other systems, par-
ticularly the PWR. Tha Nil has retained a small research programme on fast reactor topics. Experimen-
tal work on film boiling in liquid sodium is being extended to temperatures above 600°C. Studies
of transient boiling at high heat fluxes, involving heating a thin wire in water at rates above
10' deg K/sec. have produced interesting results. The effect of carburisation in creep-fatigue situa-
tions is being studied. The experimental work on the chemistry of sodium-concrete reactions is be-
ing extended to reactions between sodium and ceramics.

10.2 Fuel failure

The CABRI programme (in which the UKAEA is a junior partner) is now approximately half
completed, with 15 tests conducted out of a planned total of 30. During the period of this report,
seven tests have been performed in CABRI. Four of these were on irradiated pins of which two |A12.
A13) were transient overpower (TOP) tests, one was a pure loss of How (B1 1) and the other (B121
was a transient overpower imposed during a loss of flow situation. The other three tests (A4. 84,
B5) were on fresh fuel and were aimed primarily at the study of fuel dispersal in differing environ-
ments. Results from the TRAFIC code were in good agreement with measurements. Generally the
PlNEX-AR code has also been shown to predict well both the time and position of failure.

Eight tests have been completed in the PFR-TREAT programme and a further five are scheduled
before the TREAT reactor is shut down for modifications to upgrade its performance in 1984. The
first sub-assembly containing US fuel pins is scheduled to be withdrawn from PFR in the middle
of 1983 and selected pins will be cleaned and examined before shipment to the USA.

The TRAFIC code has been used to analyse each of the eight experiments performed to date.
In the seven pin series of experiments in flowing sodium, the TOP tests LOI, LO2. LO3 have been
performed. TRAFIC analyses of fuel pin failure are in close agreement with the experimental results.
Three single-pin fast-TOP tests have been run in capsule geometry with static NaK content. These



tests, designated C01. C02. and CO3, used respectively fresh fuel. 4% burn-up fuel and 9% burn-
up fuel. Preliminary results and remarks were published in two papers at the Lyon Conference.

The tests CO4 and CO5 have also recently been performed using irradiated fuel pins from
the PFR. The experiments were essentially identical slow power ramp tests, corresponding to ac-
cidental control rod withdrawal, using single pins in flowing sodium coolant. Results are as expected
from TRAFIC code calculations and give confidence in the use of the code in analyzing and predic-
ting slow ramp situations.

10.3 Sodium boiling

10.3.1 Boiling codes and analysis

The close collaboration between Winfrith and the KfK heat transfer laboratories has continued.
KfK have built and operated a special rig to investigate blockage experiment anomalies shown up
by UKAEA SABRE calculations for KNS I and II experiments. This experiment became part of the
evidence to support UKAEA predictions for the multipin bundle experiments in the LMBWG bench-
mark exercise presentation in October 1982.

The capability of the SABRE code to represent the natural circulation aspects of fast reactor
core sub-assemblies has been demonstrated and a paper was presented to the LMBWG.

Development of SABRE has continued. This has included consolidation of the turbulence
transport model into the standard version of the code and development of the boiling model, par-

i ticularly in the field of slip and two-phase friction factor modelling.

Considerable effort has been expended on performing both steady-state and transient bailing
calculations, both for code verification and for improving the robustness of the code. These calcula-
tions have included the single-pin benchmark cases for the LMBWG. where consistency with NASLIP
and fair agreement with experiment was obtained, and calculations of boiling in a simplified 60°
sector model of the 37 pin bundle of KNS3. Improvement of these boiling calculations is the major

• objective of the present programme.

10.3.2 Low power sodium boiling experiment
i
; The SOBOB experiment, to investigate dryout and the stability of boiling at decay heat power
! levels, was sanctioned early in 1982. In detailing the experiment, the radial geometry of the 19
| pins has been finalised together with much of the axial geometry. The bundle consists of 19 elec-
: trically heated pins on a triangular pitch. The pins will represent the lower axial blanket and core
' region of a sub-assembly. The upper axial blanket will be represented by 19 stainless steel pins in-
i serted above, and in line with, the heater pins. Heat to the upper axial blanket will be provided by
; a radiant heater surrounding, but not attached to, the wrapper. The pins will be contained in a wrapper
, of circular cross-section with edge filler wires to prevent excess over-cooling of the edge sub-
channels. The pins, which will be supported by grids spaced at approximately 100 mm intervals,
will be 5•84 mm diameter with a rating of 48 kW and a chopped cosine axial heat flux distribution.
They will be sealed into the test-piece by freezing the sodium at the heater tails. Plenum chambers
at either end of the bundle will be provided to smooth the flow at the inlet and to mix the flows
at the outlet. Possible thermosyphon effects at the outlet of the bundle are a concern, but it should
be possible to decouple thermally the bundle from the outlet plenum. The specification of the pressure
drop measurements has been up-dated to include five instead of two pressure tappings. Heater pin
development work is now in progress at SNL Springfields.

During the year useful discussions have taken place with the experimental teams at KfK and
CENG, where experiments related to the SOBOB objectives are in progress.

10.3.3 Natural circulation modelling

The natural circulation thermosyphon which would be set up above a blockage within the
fuel pin bundle of a sub-assembly has been modelled at Dounreay using a computer analysis. This
analysis predicts that a substantial amount of heat could be transferred to the upper sodium plenum
by this mechanism, helping to cool the bundle in cases where a blockage occurs below the fuelled
length.

10.4 Fault detection

70.4. 7 Temperature noise

A developing blockage in a sub-assembly will affect the characteristics of the temperature
fluctuations (noise) measured at the outlet. By monitoring these fluctuations an early indication of
the presence of a blockage could be obtained.

Computer codes developed at RNL and CEGB BNL calculate the fluctuating temperature signal
expected from a given spatial temperature profile at the pin bundle exit using random flight Monte
Carlo techniques. Mean and fluctuating velocity and temperature data are needed to check and im-
prove these codes. These data are being obtained from the RNL temperature noise rig. Velocity pro-
files for the mean and axial turbulent component have been measured. Some difficulty has been
encountered in obtaining the radial and circumferential turbulent components. Successful
measurements of temperature profiles (mean and fluctuating) with hot water injection have been
made. A programme of tests on the Safety Studies Section of the Berkeley No. 4 sodium loop to
study temperature noise decay at high Reynolds number has now.been completed.

In collaboration between CEGB BNL and RNL, an assessment of temperature noise and its
possible application in CDFR has been undertaken. Mean temperatures behind blockages derived
from SABRE, together with estimates of attenuation in the pin bundle, and Monte Carlo calcula-
tions downstream were combined to give estimates of the noise from various sized blockages. Ac-
count was taken of the background noise generated from power tilts and cool edge channels. Even
in the most severe case, the results indicated that a significant alteration in temperature noise oc-
curred for a blockage as low as 6% of the pin bundle cross-section. The assessment also showed
that the current CDFR individual sub-assembly monitoring system (ISAT) met most of the require-
ments for useful temperature noise monitoring: it combines high reliability, fast response ther-
mocouples with a rapid sampling data acquision system.

10.4.2 Acoustic detection of boiling

The main source of information of the acoustic spectrum from boiling has continued to be
the collaborative experiments with KfK on the KNS loop. The KNS3 experiment has proceeded well
during the year and the programme is nearing completion. The programme has covered loss-of-flow
simulating the SNR pump rundown for fuel elements in several positions in the SNR core. Natural
convection experiments have also been carried out. In all cases where boiling occurred a strong
acoustic signal was observed. Analysis of these data is proceeding using a new signal analysis system
commissioned during the year.



The computer controlled data acauisiiion system to monitor the background noise from PFR
has been installed during the year. There have been some commissioning and servicing problems
but it is now functioning and ready to start data collection.

10.4.3 Failed fuel detection

The sensitivity of failed fuel detection methods is judged by their ability to discriminate a serious
fault from an innocuous defect such as that arising from an endurance failure. The available evidence
throughout the world has been surveyed and, as tar as possible, brought to a common basis. This
has enabled a correlation to be established between the signals arising from defects typical of en-
durance failures and the pin rating.

The concept of a muiti-ducc HAUP sodium pump, together with a selector mechanism avoiding
rubbing surfaces for BCD sample handling and selection, has been proposed to and accepted by
NNC. It is expected that a design of rnulti-duct pump and a test facility will commence in 1983.

10.4.4 Computer based sub-assembly protection system

The 128 channel demonstration sub-assembly protection system successfully completed its
test on the experimental sodium loop at Berkeley Nuclear Laboratories and was returned to Wintrith
at the end of March 19B2. It is now planned to operate the system on the PFR for evaluation in
a more realistic environment. The system is currently under laboratory test and will soon be available
for installation at Oounreay.

10.4.5 Pulse-coded-logic (PCL) trials

The long term passive trials of PCL at the CEGB stations Oldbury and Bradwell have now
been running tor four and six years respectively. No dangerous failures have occurred on either system
during that time, but some safe failures, particularly ot optical couplers have occurred. The proba-
bility of dangerous failure, which can be claimed for a PCL system as a result of these trials, is so
low that it is approaching the limit imposed by common-mode-failure probability. Further passive
testing is therefore of limited value. Instead, the larger of the two systems will be moved from Oldbury
Power Station to Harwell, where it will function in an active role on the DIDO reactor, i.e. it will
be capable of tripping the reactor in parallel with the installed relay system. This will provide a more
realistic demonstration of the system.

10.4.6 Alternative shutdown system (ASD) rod position indicator

An ultrasonic system to give a continuous indication of the position of the CDFR alternative
shutdown rods is being considered. In this system, a high temperature immersed transducer operating
at 600°C, located at the bottom of the ASD re-setting tool, is to be used both to generate thu
ultrasonic signals and to receive the echo reflected by a shaped target machined onto the top of
the ASD rod.

Tests of the ultrasonic system in a full scale water rig at IRD, Newcastle, were successful
with flow in the ASD channel only. Tests with flow in the surrounding channels could not be com-
plewd because of gas entrainmeni. NNC have been concentrating on improvements to the ASD
design and the IRD rig has been used in the past year mainly for evaluating these design changes.

10.5 Energetic molten fuel-coolant interaction (MFCI)

TO.5. J Studies using thermite-generated molten UO2

Experiments in Thermite Rig A at AEE. VVinfrith. fell into two broad areas, namely work with
alternative thermites, in particular corium. and continuation of the previous work with U/Mo thermite.

Comparisons of the U/Mo thermite used in previous Winfrith «xperiments with a thermite pro-
ducing corium A + R were made in Rig A in order to investigate the importance of differences in
composition and initial temperature. Results obtained for these two types of thermits showed closely
similar yields and efficiencies. This is of interest when relating results of experiments at Winfrith
using U/Mo thermite to data from Sandia for experiments using other thermites including corium A + R.

The Rig A experiments with U/Mo thermite were aimed in particular at extending previous
data on the relations between yield and rig pressure, and yield and the time delay between charge
release and the interaction. The pressure data have been taken to the maximum permissible initial
conditions for the rig I0-93 MPa. 176°C1 and no evidence of reaction cut-off was found.

Data for Rig В experiments obtained up to early 1982 have been fully analysed and reported
and published at the Lyon Conference. The results have followed a broadly similar pattern to those
in Rig A, with yields an order of magnitude lower. However, thero are two significant differences,
namely the formation immediately on charge release of a pressure peak generated by relatively slow
(5 msec) sodium vaporisation and the generation of delayed spontaneous interactions (these were
prompt in the UO,/water system). Though slow, the initial peak contributed significantly to the yield.
Rig В work is continuing along similar lines in order to improve thu data correlating yield to various
rig parameters.

The work in the Thermite Firing Rig (TFR) with sodium capsules in 5 kg charges has been
analysed and reported at the Lyon Conference. The rig itself has been modified to load the large
(25 kg) charges for the new Molten Fuel Test Facility (MFTFI and two of these have been successfully
assembled and fired.

Constructional work on the MFTF is expected to be completed early in 19B3. Commissioning
will follow and the experimental programme (release of 25 kg charges into water) is expected to
stan in May 1983.

10.5.2 Laboratory scald experiments

A series of laboratory scale experiments using an ultra high speed labout 10' fps) IMACON
camera to study fragmentation of droplets initiated by vapour film collapse continued. Progress has
been limited by the difficulty of triggering film collapse for tin droplets in water, though success
was obtained for lead drops. The work confirmed that fragmentation times were of the order of
100 Ц5СС, but the situation was fairly complex and requires more study. In view of this, the pro-
gramme is being reconstructed and a study of vapour film stability in well controlled conditions is
being initiated. Solid heated surfaces will be used initially to simplify the system before returning
to the hot liquid surface case.
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62 70.5.3 Studies at ŒGB, BNL

The investigation of MFCI temperature thresholds, using co-current flows of fruon-22 and
water, has been completed, and showed that the propagation phase of an MFCI can occur at
temperatures below previously proposed thresholds based on the spontaneous nucleation
temperature. This work was presented at the Lyon Conference.

Apparatus to study the film boiling behaviour of molten UO, in sodium is being commissioned,
and experiments on the variation of film boiling characteristics with sodium sub-cooling are planned.

10.6 Sub-assembly faults

10.6.1 Vapour explosions as initiators of HCDAs

Recent work in CTS Risley has been applied to defining a likely source term for the MFCI
which might be a consequence of a sub-assembly fault. An attempt has been made to find reasonable
bounds for this source term by calculation, bearing in mind sensible boundary conditions and limits
for the physical parameters involved.

The commonly accepted and most likely reason for an energetic MFCI is from sodium re-entry
into a blocked sub-assembly containing substantial amounts of molten fuel and this analysis assumed
appropriate masses of fuel and coolant and inertia! masses and flow resistances appropriate to sub-
assembly geometry. The calculations made used the Cho-Wright MFCI model suitably modified to
accommodate the UO, particle vapour blanketing effect.

The somewhat limited range of parameter variations used in the calculations serve to show
some important characteristics. The peak two-phase pressure obtained ranged from 8 to 30 MPa
and the energy release from 100 to 300 k j . The pressure/volume characteristic produced could
serve as a suitable source term for loading surrounding sub-assemblies.

10.6.2 Mechanical damage experiments

The deformation of large clusters of full size simulated sub-assemblies was studied at AWRE.
Foulness, for both PFR- and SNR-type geometries some time ago. Both tests used only fully ductile
wrapper material with simulant internals and resulted in limited crushing of only the first and second
rows next to the incident wrapper. Subsequently, proposals for more experimental work were made
which took note of the need for information related to irradiated material properties. These proposals
suggested that the range of ductilities of interest was 2-10% and that this could be produced by
heat-treating mild steel. Unfortunately no reliable method was identified, although some short lengths
I0-5 m) of wrapper at various ductilities in the range 1-10% were obtained. A mixed test with 6
wrappers of this material was arranged, using three levels of embrittlement.

A necessary preliminary to this was a test with 6 fully ductile wrappers. This was made in
April 1982. Each wrapper crushed in the test to give a residual cross-flats deflection of 45 mm at
the lower end graduating to 25 mm at the upper end. All the instrumentation worked well. Sinca
the observed behaviour was considered difficult to analyse, a revised test specification was evolv-
ed. This involves the use of non-deformable support in addition to load cells outside the 6 test
wrappers and measurements using accelerorneters in addition to pressure transducers and strain
gauges.

This revised test with ductile wrappers was fired in December 1982 and was followed in
February 1983 by the mixed embrittled test: results are now being analysed.

10.6.3 Wrapper strength

A review has been made of the susceptibility to fracture of a sub-assembly wrapper in the
event of a local fault producing molten fuel and a sudden internal pressure increase following an
MFCI. The review considered the application of currently-available fracture toughness results on
solution-treated Type 321 steel irradiated to 20 dpa to analysis of CDFR wrappers. Using these data
and an estimate of the pressure loads produced by an MFCI event insid« the wrapper, it is faasible
to determine the smallest size of crack defect that would cause failure as a result of MFCI loading
on a wrapper at normal temperalU'e.

For a suggested peak MFCI pressure of 10 MPa, 20 dpa Type 321 steel is not expected to
fail under the wrapper mean hoop stresses unless there are cracks exceeding a length of about 6 cm.
Such a crack should be readily detected and rejected in manufacture and in this sense the prognosis
for MFCI load tolerance is good. But in the corners of the wrappers there are bending stresses up
to 1 5 times greater than simple hoop stress, so in the corners the crack tolerance would perhaps
be very small: the stresses there at a pressure of 10 MPa are at the yield limit.

10.7 Whole core accident analysis

The studies with the FRAX code have indicated the important conclusion that application
of Beths-Tait typa disassembly methods is not justifiable. The power pulse is of finite size determin-
ed by the total voiding reactivity, and when this is exhausted the reactor may not have been decisively
shutdown by fuel vapour-driven dispersion, but may be left in a melbdown situation with some
remaining power. Further complex methods development is needed to cope with this situation.

10.8 Containment loading and response

10.8.1 Experiments

A series of WINC0N model containment experiments carried out at Winfrith has confirmed
the predictions of earlier analytic studies which suggested that roof movement during fluid impact
can significantly alter the impact loadings following an HCDA. New coding in SEURBNUK to model
the impact of fluid on a moving and deformable roof has been refined and largely validated against
data from the WINCON experiments. This work has been reported to the Lyon Conference.

A programme of simple dynamic-loading experiments is under way at Winfrith to provide data
for the validation of structural response codes used in HCDA analyses. In these experiments a drop
weight applies a load through a hydraulic fluid. Results from a large number of experiments on
aluminium discs and annuli, clamped and simply supported, show good agreement with cURDYN-01
calculations. The current programme considers steel samples including cylinders and hemispheres;
future plans include more complex structures and a new rig is being manufactured to produce тоги
impulsive loadings.

10.8.2 Code development and applications at Winfrith

Collaboration continues with JRC Ispra on SEURBNUK development and the code has been
released to ElR Wurenlingen who are also contributing to the development programme. Recent im-
provements including the new fluid impact treatment, modelling of perforated thin shells and stan-
dardisation of the FORTRAN have been incorporated into a new edition of the code (SEURBNUK-2E5)
which has been released recently. Use of SEURBNUK in association with the finite element code
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EURDYN has been facilitated by establishing an automatic element gunerator. Apart from applica-
tions of SEURBNUK in the analysis of the containment experiments, the code has also been used
to study the degree of conservatism in simplified assessments of roof loading and response le.g.
in assuming a one-dimensional fluid impactl. In addition, it has been demonstrated that roof hold-
down can be effectively modelled with the code. The linked code SEURBNUK-EURDYN plays a cen-
tral role in the future programme together with an ongoing programme of WINCON rnodul experiments
to study specific features of the CDFR design and continuing experimental validation of structural
response codes.

10.9 Debris studies and post accident heat removal

70.9.1 Studies at AEE Winfrith

Experiments have been carried out on coolant and core debris ejection following an HCDA.
using a water-filled model of the primary containment with a hole in the roof and an explosive ball
with a coating of sand to simulate a dispersing core. The sand blown through the hole in the roof
acts as a maiker and iirst indication of the possible ejection of core material in the event of partial
roof or penetration failure. Analysis using the SEUR8NUK and SIMMER codes has been made for
comparison of experiment and theory.

Both calculation and experimental results indicated that about 2 to 3% of the sand had been
ejected. However, there are several points to be settled before placing much reliance on the results.
It would be necessary to determine whether sand was a good simulant for the core debris and. if
so, what the particle size should be. Another problem lies in the size of the breach in the contain-
ment, and having decided that, on how to scale it to COVA vessel size. To add realism to the reac-
tor simulation, it might be necessary to add internals and to use a shock-free charge rather than LDE.

The dielectric heating generator for panicle bed studies has been installed and commission-
ed. This rig will provide dryout data for beds consisting of particles with a spectrum of sizes. The
panicles may also be made irregular in shape. Other out-of-pile heating methods do not give uniform
heat generation for such beds. Also approval has been given for a rig to work with resistive heating
at pressures up to 7 bar. Working at different pressures provides more data for the verification of
dryout models.

10.9.2 Studies а г Spring fields

The new calculation model for sintering of paniculate in debris beds has been coded and the
results so far indicate that sintering is unlikely either for steel or fuel paniculate below the boiling
point of sodium tcenainly not for panicle sizes which may form a coolable debris bed, e.g. 200
|im steel particulatel. Once dryout has occurred higher temperatures could lead to significant sinter-
ing and it is unlikely that the bed would have the same properties on cooling as it had initially. Such
considerations are important in the evaluation of post-dryout debris bed response, and in devising
experimental procedures for in-pile debris bed experiments.

10.10 Structural response and missile impact studies

10. 10. 1 Structural response

An important aspect of the fast reactor safety programme is the determination of the damage
to structures of the primary containment under HCOA loading conditions. Calculations! models are
being used to facilitate this study and a programme of experiments is being performed at Winfrith
to provide simple data for the validation of the calculations! models.

The programme has continued using a drop test technique, in which a hammer drives a piston
into a hydraulic fluid providing a loading function on the sample. A small prototype apparatus has
been used to develop a suitable assembly for the accommodation of clamped and simply supponed
circular and annular plates. Difficulties in achieving appropriate boundary conditions have been over-
come and a series of about 40 tests has been completed; controlled experiments have generally
been repeated 5 to 7 times with good reproducability. Measured results for thrue types of deform-
ing specimen have been made available for code validation purposes, namely:

a clamped circular plate, a simply supponed circular plate and «in annular plate, simply
supported at the outer edge but unsupponed at the inner edge.

Loadings with peak pressures ranging from 4 to 10 MPa and durations down to 5 ms were
achieved. Work with the small prototype apparatus is now compleled and emphasis has moved
to the use of a larger drop test apparatus, capable of accommodating specimens of 25 cm in diameter.
A preliminary ranging experiment has been performed successfully with this apparatus using a simply
supported circular plate. A programme of tests on specimens with geometries similar to those
accommodated In the prototype apparatus will now proceed, leading on to the study of cylindrical
and hemispherical specimens.

10.10.2 Missile studies

Structures comprising monolithic reinforced concrete or concrete blocks faced with steel plates
are used extensively in nuclear installations. The impact resistance of such structures whether con-
structed specifically as missile barriers (e.g. turbine cells) or as leak tight systems le.g. reactor con-
tainments with steel linersl is of considerable interest.

A series of experiments has been compleled at Winfrith involving the impact of rigid steel
missiles with reinforced concrete targets to investigate the applicability of replica scaling to this
form of impact event. Three sizes of target and missile were used аз shown in the following table:

Tarcj ut

Diameter

6 m
2-3 m
0-767 m

Thickness

640 mm
246 mm

о 2 mm

Missile

Diameter

312 mm
120 mm

40 mm

Mass

479 k'j
27 k<j

1 k-j

scale
factor

7-8
3
1

Results on all 3 target sizes show good general agreement and confirm the validity of scaling
over the range examined. The smallest size of target used is considered to be close to the minimum
size which can conveniently, consistently and reliably be manufactured; but it would consequently
be entirely practical to manufacture a model of a complete reactor containment at a scale of bet-
ween 1/15 and 1 /25 of full size for impact testing, and to have confidence in the validity of the results.

Experiments using rigid steel missiles to impact reinforced concrete targets faced with steel
plates have been completed, and an empirical relationship between purf ormation resistance and steel
plate thickness has been developed. This relationship has been found to follow the same general
form as the derived correlation between perforation resistance and the quantity of bending rein-
focement. Experiments with steel plate faced and unplated targets constructed of concrete blocks
laid in monar Ito represent typical demountable barriers) and hard missiles have been completed
and a comparison made with similar structures using monolithic concrete.



Ь4 Ths first phase of an experimental programme at Winfrith to study the behaviour of steel
pipes impacted by rigid.steel missiles and missiles made from lengths of steel pips has also been
completed. The impacted pipes have been either empty or water-filled at various pressures up to
13 MPa.

1 1 . REACTOR PERFORMANCE STUDIES

11.1 Neutronics design data

11.1.1 Nuclear physics data

Good progress has been made with commissioning the ihrea nuclear physics targets on the
136 MeV Electron Linear Accelerator at Harwell. Experimental running has begun on the Fast Neutron
and Low Energy cells; technical problems with the Neutron Booster target have delayed its availability
until mid-1983.

Measurements made on Zebra of the effective neutron source strengths in corus built from
oxide and metal fuel agree well with prediction, and with recently reported Harwell work on small
sample spontaneous fission and (a, n) yields.

An analysis has been made of decay heat output from '"U and "'Pu samples irradiated in
Zebra during the BIZET programme, over a cooling time range between 15 minutes and 100 days.
Using the latest UK fission product yield and decay data, good calculation of beta-decay results
proved possible. Both total gamma energy and individual nuclide gamma releases were

' underestimated by about 10%. It is important to make accurate decay data predictions in this cool-
! ing time range to allow good design of commercial fuel handling equipment.

The consistency and completeness of the sequences of resonance parameter assignments
[ for iron isotopes have been studied, and complete and consistent sets derived.

In Order to generate tabulations oi cross-sections at point energies from resonance parameters,
improvements have been made to the code SIGAR, which has an automatic energy-mush genera-
tion procedure. Methods for allowing for the energy shift of resonances (from the eigenvalue) and
distant level effects have been included, and a mesh has been introduced which will allow the ac-
curate Ooppler broadening of very narrow resonances to be calculated.

A collaborative programme to measure the cross-section of excitation of the "Nb metastable
state has been set up between Harwell. Winfrith and the University of Birmingham. This reaction
is important in the monitoring of neutron damage to structural materials.

11.1.2 Chemical nuclear data and integral data studies

A joint AEE Winfrith/AERE Harwell paper on neutron capture measurements in '"Am and "'Am
was presented to the Nuclear Data Conference in Antwerp late last year. The measurements covered
a wide range of fast reactor spectra. The curium produced was chemically separated and measured
by alpha-counting and alpha-spectrometry techniques at AERE to determine the integral production
rate for each sample. The measurement of the 1JIPu fission rates at or near the sample positions
provided the data for the fluence received during irradiation. The measured production cross-sections
were compared with values calculated using 37-group fluxes obtained using standard Zebra methods
and 37-group americium capture cross-sections deduced from the recent Harwell evaluations. These
are in much bener agreement with the measured values than calculations using the earlier FD5 data.

The mean C/E values are 0 • 85 for '"Cm production and 0 • 95 for '"Cm production, where the uncer-
tainties are — 5% and г 8% respectively. These data give valuable support to the evaluations which,
because of the shortage of suitable target material for differential cross-section measurements, were
almost entirely based on theoretical models.

Equipment has been devised and tested to separate tritium from irradiated solutions. This
will shortly be used at Harwell to compare the yield of tritium in ternary fission from '"U and "'Pu
samples irradiated in Zebra; this process is the main'source of tritium in CDFR.

11.2 Experimental reactor physics

11.2.1 Investigation of pin/plate reactivity discrepancies

The CADENZA programme, designed to investigate the over-prediction of the reactivity of
pin-geometry relative to plate-geometry assemblies, revealed by the BIZET programme, has been
completed. Two pairs of assemblies have been studied, with and without sodium, and analysed
using XYZ diffusion theory models with FGL5 data and the standard MURAL method to allow for
pin/plate heterogeneity and neutron streaming.

The results confirm those of the earlier BIZET programme, identical discrepancies being ob-
tained both with sodium present and with all the core sodium voided, indicating that the problem
arises primarily from the fine structure treatment of heterogeneity rather than from the treatment
of neutron streaming.

Small scale sodium-void studies show no significant discrepancy in the sodium-void predic-
tions for the two geometries. A full evaluation of these and the large scale sodium-void results re-
quires a 3-D transport-theory perturbation theory edit, which is being written.

New options in the MURAL code enabling plate and pin cells to be modelled more exactly
have been completed. Calculations carried out for the CADENZA assemblies show that the use of
the new options will reduce the pin/plate reactivity discrepancy of 0-95% by 0-4% <Jk/k.

11.2.2 Experimen tat programme

A short programme of PFR-related experiments, to validate the methods used to predict heater-
pin powers in experimental sub-assemblies, completes the present operational phase of Zebra. The
reactor has now been shut down, but a comprehensive maintenance schedule is being followed
on the plant to facilitate a quick return to fast reactor work as and when required: the CADENZA
elements will be retained in a made-up state for any PFR problems which may arise.

11.2.3 Further analysis of the BIZET experiments

Much of tlie analysis in the NNC heterogeneous core design, BZC, has now been completed
and the work has been extended to cover reactivities, power distributions and sodium-void coeffi-
cients in the more extreme geometry of the single annulus design, EiZD. The conclusions on both
designs are broadly similar, indicating that transport theory corrections to the diffusion theory calcula-
tions are consistently larger than in conventional assemblies.
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11.2.4 Internationa/ collaboration

A description ot the CADENZA assemblies has been issued through the NEA Committee on
Reactor Physics to enable those using plate-geometry cells in their experiments to test their methods
for allowing for reactor heterogeneity. A review of the results is scheduled for June. 1983.

The results show significant variations for the ratio of capture in '"U relative to fission in
'"Pu and a comprehensive analysis is being carried out ot identify the source of this disagreement.

Good progress is being made in the analysis of the gamma-ray energy deposition measurements
undertaken in MASURCA with the RACINE partners.

11.3 Methods development

11.3. 1 COSMOS modular code scheme

The COSMOS calculational scheme incorporates a Fast Reactor Databank, containing codes
and data. A system for providing an automatic archiving and back-up ot data and codes called COOIP
has been developed and is now being commissioned.

1 1.3.2 Irradiation-induced distortion of sub-assemblies

Following the development of a COSMOS version of the core restraint code CRAMP (which
incorporates enhanced features and additional graphical display including profiles of sub-assemblies),
new calculation routes for PFR core following (BOWHIST) and reload planning IBOWLOAD) have
been developed. BOWHIST is now being used by the FFR operators, and testing of BOWLOAD is
well under way.

1 1.3.3 Improved diffusion theory solution methods

A nodal diffusion theory code has been developed to treat three-dimensional hexagonal-z
geometry. It produces a solution which is more accurate than the conventional finite difference
method (which uses 6 triangles per sub-assembly hexagon and about 2 • 5 times as many axial mesh
points) and is over 10 times faster. The code at present will only treat a 30° sector of a reactor;
it requires development to treat full-plan models and to link it into the PFR/CFR calculational schemes.

11.4 Neutronic calculations for COFR

11.4.1 Subcritical monitoring for PFR

Calculations have been carried out to predict the neutron fluxes at the low powsr instrument
positions around the shut down core of the PFR. which are from neutrons produced in the core
materials from spontaneous fission and from (a. n) reactions in oxygen, multiplied by fission. It is
intended to predict count-rates at the instruments in order to detect possible sub-assembly misloads.
A simplified calculation method is working and appears to show promise.

11.4.2 Decay heat distribution

Studies have been performed on the distribution of decay heat from sub-assemblies discharged
from the CDFR. The purpose of the work was to establish whether the spread could be used to

advantage in assessments of the out-of-reactor fuel cycle. The RSPIU code was used to calculate
decay heat as a function of cooling time for the various combinations of sub-assembly power (in
the reactor) and discharge irradiation. For the decay heat to drop to 2 • 5 kW per sub-assembly, core
sub-assemblies require cooling limes in the range 180-330 days, allowing a useful degree of flex-
ibility in the time at which particular sub-assembles are transported.

11.5 Energy deposition and shielding

11.5.1 Improvements in shield penetration codes

The finite-element FENDER code, which uses diffusion theory corrected at large penetrations
by adjusting diffusion coefficients, has been improved by allowing the adjustment to be energy-
dependent: the running cost penalty is not large, and the method is still faster than the conventional
removal-diffusion treatment.

The FENDER code is also employed to generate importance maps on irregular meshes for use
in the definitive Monte Carlo shielding code McBEND. The method utilises the continuity of finite-
element fluxes and splitting takes place at intervals along the track separated by a specified number
of mean free paths. Since the splitting process is based on optical paths rather than geometric boun-
daries, it is consistent throughout the energy range. A sequence of test problems has been executed
with very encouraging results. This procedure will be readily adapted to three-dimensional impor-
tance maps when the FENDER code has been modified to solve the adjoint diffusion equation in
three-dimensional irregular geometries.

11.5.2 Transport flask shielding

The FENDER code has been used at Risley in an assessment of a CDFR transport flask design
holding seven spent sub-assemblies. The results of the calculations show that the dose-rate at

the surface of the llask is well below the ICRP limit. Even if the W£P (water-extended polyester)
neutron shielding is lost from the flask in an accident, ths dose-rate is still within the limit. The results
are in agreement with eailier work using the SCORE code, thus providing some additional validation
of the FENOER code.

11.6 Engineering analysis

11.6.1 Thermohydraulics of heat exchangers

Analysis of the CDFR intermediate heat exchanger has continued using the ANTHEA code
to investigate the effects of overall performance of different grids (i.e. on resistance, seal leakage
and buoyancy). The sensitivity of the results to mesh dependence has been studied using 130 x
50 and 200 x 75 meshes. These are extremely fine meshes compared with those normally employed.

Validation against data from the PFR has continued and an inter-code comparison between
ANTHEA and the US COMMIX code for the CFR-IHX has been instigated by NNC. The steady-state
comparison is almost complete.

Detailed ANTHEA models of the PFR evaporator inlet region have shown good agreement
with ttie flow patterns observed in RNL rigs and with thermocouple measurements on the plant.



11.6.2 Thermohydraulics of distorted sub-assemblies

The DISCO code is now complete and is being implemented on a CRAY machine. Verification
checks against analytical solutions of ideal problems and other computer codes (inclui! ng a
dimensionally-adapted CRAMPI have been satisfactorily made, though some improvements to flow
modelling are being incorporated.

Experimental obseivations on the swelling of austeniiic grids within a nimonic wrapper have
been analysed with the TAU code; the results increase our confidence that sub-assemblies will sur-
vive high burn-up.

J 1.6.3 Primary circuit hydraulic modelling

Experimental work at Berkeley Nuclear Laboratories on the turbulent diffusion of heat in recir-
culating sodium and water flows has been completed, and analysis of the results with the FEATT-1
code is well advanced, using a correlation based on turbulent Prandtl number and momentum dit-
fusivity whose validity range is being established. The second phase of these experiments provides
data on bulk fluid temperature fluctuations which will be supplemented by results from the propos-
ed impinging jet sodium experiment, aimed at providing data on the transmission of fluid temperature
fluctuations to structural components.

11.6.4 Spent fuel transfers

Two computer codes. ALOOP and AROUND, have been developed to study temperature tran-
sients in the sodium-filled bucket which transfers spent fuel sub-assemblies from the reactor vessel
to the core components store. Investigations on various assumptions have suggested design modifica-
tions which improve performance under accident conditions.

Analysis of the CDFR transport flask with the TAU code has shown that conduction alone
within the sodium cannot maintain the fuel at a sufficiently low temperature. In the absence of any
published correlation of the full-scale flask experiments overseas, a test programme of small-scale
experiments using water has been started to verify that convection will provide adequate cooling.
These will be supplemented by a half-scale experiment using Cerrobase (a proprietary lead-bismuth
eutectic) as a coolant.

A programme of impact-limiter development for fast reactor flasks has been started at Win-
frith. Static crushing tests have been completed and are being analysed to facilitate theoretical modell-
ing of the 50 km/hr drop tests forming the next part of the programme.

11.7 Economic and strategic assessment of generating systems

1 1.7.1 Effect of increased fuel bum-up

Increased bum-up of fast reactor fuel with consequential reduction of fuel throughput and
hence fabrication and reprocessing requirements might offer a way of reducing generating costs.
This could be particularly important in theintroductory phase of a fast reactor programme. A series

of calculations using the FROVE performance code was undertaken covering a range of potential
burn-ups and several projected methods for achieving the necessary fuel endurance at the increas-
ed burn-up, including increase of can thickness, increase of fission gas plenum length, reduction
in can temperature and relaxation of previously assumed constraints on sub-assembly pressure drop
and mixed mean coolant outlet temperature for sub-assemblies with newly loaded fuel. Results in-
dicated that 15% burn-up may bs attainable with minimal change in breading performance by using
the longer fission gas plenums together with relatively small changes in operating conditions and
batch refuelling on the basis that the time between refuelling shutdov/ns is not increased. Savings
in generating costs at 15% burn-up ranged from 3% to about 6% depending on the fabrication and
reprocessing assumptions used. Savings in total generating cost at 20% burn-up range between
5% and 9% depending on fabrication and reprocessing assumptions.

11.7.2 Reduction in radial blanket thickness

Following suggestions from France and elsewhere, the potential cost savings from reducing
radial blanket thickness in the early stages of a fast reactor programme have been examined.
Preliminary investigations showed that reduction to a single row of blanket sub-assemblies might
reduce the discounted lifetime fuel costs by 9 to 12% as core fuel burn-up varied from 10 to 15%.
The consequential reduction in breeding would be unacceptable once plutonium was in short supp-
ly (about 10 years after the start of series ordering), and the eHect was therefore calculated of restor-
ing the radial blanket after 10 years operation. The lifetime generatinr/ cost savings of a single sta-
tion vary with reprocessing assumptions, but do not exceed 2%.

11.8 Control and dynamics

Previous investigations of both helical and straight-tube boilers showed the need for orificing
at every tube inlet to avoid parallel-tube instability. The current design of J-tube boiler is being ex-
amined at Winfrith to evaluate the flow restriction needed to ensure stable operation over the entire
range of conditions expected.

11.9 Neutron flux instrumentation

Further examination of the neutron detectors developed for the concluding experiments on
the Windscale AGR has confirmed a marked tolerance of deterioration of the insulation resistance
of chambers and cables when operated in the Campbell mode. Recent experience of a fission chamber
under development for the new AGR wide range puise/Campbell channels has indicated the need
to extend earlier work on possible rare gas filling mixtures for fast reactor chambers. Development
of radiation-hardened plastic cables for use with high sensitivity neutron detectors has reached the
stage at which the manufacture of two trial lengths of superscreened cable by a contractor is almost
complete, each cable using a different dielectric material.
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FIG. 3 THE SPRIMGFIELDS CHARGE/DISCHARGE RIG FIG. 4 THE NNC (RISLEY) CRUPEH RIG


