
Design work is in progress on setting up of a pilot plant for

reprocessing of fast reactor fuel on 15 to 20 Kg per day.

9.0 Safety Research Laboratory

Release characteristics of fission product iodine in fires involving

primary sodium have been studied, using sodium spiked with radioiodine.

Effect of relative humidity on autoignition temperature of liquid

sodium had been studied. Laboratory scale experiments for the benign

digestion of sodium in waste matrix have been successfully completed.

Work is in progress to adopt this technique for digestion of sodium

in the range of 10 to 20 Kg encountered in the normal operations.

In the *rea of fuel coolant interactions, techniques for melting U ^

under sodium have been developed.

Detailed calculations of build up factors in lead, iron, water and

other material were done.

A non destructive method of estimating water content in concrete

using the back scattered radiation spectra was developed. A detailed

analysis of the data generated in the studies on the use of rare earth

oxide in concrete reactor shields was carried out to complete the IAEA

Research Contract work.

A state of art review was carried out on fission product release and

transport following loss of coolant accidents in water reactors.

A microcomputer based simulator is being built for the purpose of

training the staff for handling any emergency involving the release of

radioactivity to the environment from nuclear facilities
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ABBREVIATIONS USED IN THIS REVIEW

AEA United Kingdom Atomic Energy Authority
AEEW Atomic Energy Establishment, Winfnth
AERE Atomic Energy Research Establishment, Harwell
AGR Advanced Gas Cooled Reactor
AKUFVE Apparatus for continuous study of distribution factors in liquid/liquid extraction

(Swedish acronym)
ASD Alternative Shutdown Device
ASME American Society of Mechanical Engineers
BCD Burst Can Detection
BNL Berkeley Nuclear Laboratories (CEGB), Gloucester
BNFL British Nuclear Fuels PLC
CDFR Commercial Demonstration Fast Reactor
CEA Commissariat ä l'Energie Atomique
CEGB Central Electricity Generating Board
CFR Commercial Fast Reactor (The future series of LMFBR following CDFR)
COGEMA Compagnie Generale des Matieres Nucleaires
CSNI Committee on the Safety of Nuclear Installations
CTS Central Technical Services, RNE
c.w. Cold Worked
DFR Dounreay Fast Reactor
DNE Dounreay Nuclear Power Development Establishment
DPA Displacements per'Atom
EDTA Ethylene Diamene Tetra Acetate
efpd Effective full power days
ESR Electro-slag refined
ERA Electrical Research Association
FRCC Fast Reactor Co-ordinating Committee, EEC
HAZ Heat Affected Zone
HCDA Hypothetical Core Disruptive Accident
HM Heavy Metal
IHX Intermediate Heat Exchanger(s)
IRD International Research and Development Co, Newcastle
ISAT Individual Sub-assembly Temperature Monitor
JEF Joint Evaluated File
KfK Kernforschungszentrum, Karlsruhe
MCTR Mechanical Components Test Rig
MEL Marchwood Engineering Laboratory, CEGB
MFCI Molten Fuel/Coolant Interaction
MFTF Molten Fuel Test Facility, Winfrith
Ml Mineral Insulated
MIG Manual Inert Gas (Welding)



73 MMA Manual Metal Arc (Welding)
Nil Nuclear Installations Inspectorate
NNC National Nuclear Corporation
NRT Norgett-Robinson-Torrens (model of neutron displacement cross-sections)
PCL Pulse-Coded Logic
PFR Prototype Fast Reactor, Dounreay
PIE Post-Irradiation Examination
PWHT Post-Weld Heat Treatment
P2T Lead Zirconate Titanate piezo-electric element
RNL Risley Nuclear Power Development Laboratories
SNL Springfields Nuclear Power Development Laboratories
SSEB South of Scotland Electricity Board
SRD Safety and Reliability Directorate, UKAEA
ST&A Solution Treated and Annealed
TBK-OK Tributyl Phosphate in Odourless Kerosene
TIG Tungston-Arc Inert Gas (Welding)
TOP Transient Over-power Accident
TREAT Transient REActor Test Facility. Idaho
UTS Ultimate Tensile Stress
ZEBRA Zero Energy Breeder Reactor Assembly, Winfrith

1. BACKGROUND TO THE 1984 REVIEW

In September 1983 the Secretary of State for Energy, Mr Peter Walker, announced the govern-
ment's intention of opening formal negotiations on joint development of fast reactors with France,
Germany, Italy, Belgium and the Netherlands. Negotiations were completed during the next three
months, resulting in a "Memorandum of Understanding" (MOU), signed in Paris on 10 January 1984
by the Governments of the UK, France, Germany, Italy and Belgium. (The Dutch Government did
not sign at the time, but indicated an interest in joining the other countries later.) The objective set
by the signatories is a fully commercial design of fast reactor, reached by means of joint develop-
ment activities within Europe.

Mr Walker said in his statement following the signing of the MOU:

"Of all the options for energy supplies in the twenty-first century there
is no doubt that the option of the fast reactor is a very important poten-
tial supplier of Europe's energy needs. It is a potential that can only be
developed if Europe is assured of its safety, and assured that it would
provide an economic supply of energy. It must therefore be right that the
skills and brains of Europe are united to achieve this purpose."

The European Governments expressed an interest in keeping open the possibility of exten-
ding future collaborations, particularly to include the USA and Japan.

The MOU between the European governments mentioned above is essentially an umbrella
agreement which provides for the various national organisations to enter into separate agreements
covering R and D, Design, Commercial Licensing, the Fuel Cycle and co-operation between Utilities.

An Agreement between the Electricity de France (EdF) and the Central Electricity Generating
Board (CEGB) was signed on 7 February 1984, under which the participants will aim to pool their
design and development activities. The Agreement provides for further specific agreements to be
entered into for individual demonstration plants covering financing, ownership and operation.

An MOU covering Reactor Collaboration was signed on 2 March 1984. Those present at the
signing were representing the UK Atomic Energy Authority and National Nuclear Corporation on
behalf of Britain, The Commissariat a I'Energie Atomique and Novatome on behalf of France, In-
teratom and KIK on behalf of Germany, ENEA and NIRA on behalf of Italy, and CEN/SCK and
Belgonucleaire on behalf of Belgium.

Two other Memoranda of Understanding setting out the principles underlying co-operation
in the areas of fuel fabrication and fuel reprocessing were also signed on 2 March by representatives
of COGEMA, BNFL, CEA and UKAEA. It is the intention that this collaboration on the fuel cycle
should be extended as soon as possible to include the other countries involved in the collaboration
on reactors, and negotiations for this purpose have started.

The new fast reactor agreements with European countries are not intended to detract from
existing agreements to co-operate with the USA, Japan, the USSR and with international
organisations.

While the negotiations towards new agreements were taking place, the UK programme has
continued successfully towards the following main objectives, details of which are contained in subse-
quent sections:

(a) Full power operation of the PFR. (Section 2)

(b) Development work supporting the NNC designed CDFR. (Section 4 onwards)

(c) Demonstration and development of the fast reactor fuel cycle. (Section 3)

The PFR at Dounreay was close to resuming two thirds power operation on 6 March with
two out of three steam-raising circuits working. The third circuit should be available for operation
in May. The evaporator units, the first stages in the steam-raising boiler circuits, have each been
fully equipped with steel sleeves covering the tube-to-tube plate welds which was where a series
of small leaks of high pressure steam into sodium occurred earlier. Fitting the 1000 sleeves in each
evaporator was an outstanding engineering achievement carried out jointly by teams from the
Authority, Northern Engineering Industries and International Research and Development. Up to 14
sleeves per day were fitted and one evaporator unit was completely sleeved in less than 3 months.
In addition to the refurbishment of the evaporator units, the first Replacement Tube Bundle (RTB)
manufactured for use as a replacement Reheater unit was delivered to Dounreay and was installed
at the beginning of 1984.

, While the evaporator units were being repaired, the reactor core and primary coolant circuits
continued to perform very satisfactorily with very high availability at reduced power on 1 or 2 cir-
cuits only. Some long runs of continuous operation without spurious shutdowns were successfully
completed between scheduled refuelling and maintenance shutdowns. These runs demonstrated
that earlier modifications to instrumentation and control circuits which had been undertaken to im-
prove reliability were successful and also demonstrated the good performance of the first sleeves
fitted in one of the evaporators in advance of operation with all units sleeved. The total electricity
generated by the end of 1983 was 1420 x 101 kWh gross.

Experience with fuel pins, control rods and other components loaded into the reactor core
of the PFR has continued to be good. The irradiation of core components is a major source of data
for the continuing de< }n of the core of the CDFR and future commercial fast reactors. The burn-up
in standard driver fuel nas exceeded 9%, without any failures of the steel cladding around the fuel.
Some experimental fuel has successfully reached 10-9% burn-up. The experience gained is part
of the endorsement for a 15% target for economical future commercial fuel.

There have been several major achievements in the development of the fast reactor fuel cycle
over the past year (Section 3). Some of the fuel reaching high burn-up In the PFR is operating on
its second cycle. This fuel was reprocessed at Dounreay after its first cycle, and refabricated into
new pins at Sellafield before being re-used in the PFR. Another achievement has been the comple-
tion of the first phase of a conceptual design of a 250 kg/day reprocessing plant that has now been



costed and is being used to guide further developments which could have a significant impact on
costs. This is the first firm, design-based, UK study of fast reactor reprocessing costs and it is en-
couraging that, in common with other components of fuel cycle costs, it has produced data more
favourable than previously thought. For example, it would appear that a reprocessing plant on an
existing site serving three reactors would cost less than 5% of the total investment needed for the
reactors and the associated complete fuel cycle. A second phase of the design study is now under
way to refine the original design and cost estimates and to consider the effect on costs of some
alternative reprocessing options. This phase involves the participation of a joint AEA/BNFL team
and will continue until the design of the plant is complete.

The number of professional staff deployed in the UK on fast reactors in 1982 was about 900,
nearly the same as for 1982. The total expenditure in 1983/84 was slightly more in real terms than
in 1982/83, and is running currently at about £ 120M per year. The structure of the UK fast reactor
programme was partly re-organised during 1982 in preparation for implementing the new European
agreements mentioned above. One result of this is an increased involvement by the Utilities, the
CEGB, and SSEB, in the management and implementation of the UK programme.

The Inquiry into the proposal to build Britain's first PWR station at Sizewell in Sussex had
sat for 180 days by the beginning of March 1984. Nearly 40 witnesses have presented detailed
evidence in support of the CEGB's case for the station; and over 50 witnesses have been heard
opposing the plan to build it. About 2500 documents for and against have been submitted. So far
the Inquiry has considered the economics of, and the need for, the station. It is at present examin-
ing Safety and Design.

The first reactors of each of the three AGR stations at Dungeness B, Heysham 1 and Hartlepool
have been synchronised to the National Grid. The second reactors of each station are expected to
be brought into commercial operation during 1984.

Mostly as a result of improved AGR operations, the total output from nuclear reactors in the
UK rose steadily between 1981 and 1983, as shown below.

1981 13 • 7 Mt (coal equivalent)

1982 16-0 Mt

1983 18-1 Mt (provisional figure)

Total energy consumption in the UK was very closely the same in 1983 as in 1982. Coal
consumption was very slightly increased, natural gas consumption was 2 • 5% up, oil was 5% down
and nuclear was 13% up. The components of total inland energy consumption according to provi-
sional Department of Energy data for 1983 were:

Coal
Oil

Natural Gas

Nuclear Electricity

Hydro-Electricity

TOTAL

111

106

73

18

2

311

•5
•2

•5
• 1

•4

•7

Mt

Mt (coal equivalent)
•

•

-

2. PROTOTYPE FAST REACTOR

2.1 Highlights of operation in 1983

The prime objective of the past year has been to fit sleeves to protect the evaporator tube-to-
tubeplate welds, which have been the dominant cause of the low Statio'i availability in the past,
while proceeding in parallel with operation using a single secondary circuit. Thr installation of sleeves
to by-pass all welds in two of the evaporator tube bundles was completed successfully in 1983.
Both were installed in the plant and were operating at the beginning of March 1984. The third
evaporator unit was removed from circuit in September 1983 and the installation of sleeves was
completed in February 1984.

At the start of 1983 the Station was shut-down following repairs to a tube-to-tubeplate weld
leak in Evaporator 1. Power operation was resumed in mid-February after a delay caused by the
need to replace a bursting disc membrane in the secondary sodium circuit steam generator protec-
tion system. A second membrane failed in late February and led to replacement of the remaining
four membranes associated with the evaporator, superheater and reheater of circuit 1. The Station
was returned to power in late March and ran until mid-May except for a one hour interruption to
turbine operation when a large raft of seaweed temporarily blocked the seawater cooling intake.
The stoppage in May was caused by the discovery of a small sodium leak at a weld in the secondary
circuit pipework. The sodium was dumped, the weld repaired and the Station returned to operation
in mid-June.

Generation continued at around 43 MWIe) without interruption until 31 August when the
plant was shut down at the start of a planned reload (Reload 71 for refuelling, statutory inspection
and major plant improvements including the installation of two fully sleeved evaporator tube bundles
and the first of the new reheater replacement tube bundles. The start of Reload 7 ended the longest
period of continuous generation so far achieved, almost 79 days. The Station started operating in
March 1984 for a planned run of 90 equivalent full power days, starting with two circuits in early
March and changing over to thrae circuits and full thermal power in May when the third fully sleeved
evaporator unit becomes ready for operation.

There were 32*1 equivalent full power days (efpd) of generation during 1983 making a lifetime
total of 421 • 2 ef pd. Electrical generation attained a gross figure of 1420 x 10* kWh but the overall
load factor for the year was low at 8 - 8% for reasons summarised above.

There have been no fuel pin failures in standard driver sub-assemblies and burn-up advanced
to 9 • 4% (peak), and to 10 • 9% (peak) in experimental fuel. In addition to changes to the standard
driver fuel loading, a substantial programme of experimental cluster changes was carried out at
Reload 7 in support of the UK development programme and foreign contractual and collaborative
agreements.

2.2 Reactor and secondary circuits

Except as limited by the evaporators, the reactor has operated uneventfully throughout the
year. Primary and secondary sodium pumps have operated reliably with only routine planned
maintenance during the last shutdown.

The new failed pin location loop, reported as having been commissioned successfully last
year, operated in the delayed neutron mode successfully but the gas stripping system was affected
by sodium blockages in small bore pipes and did not function reliably. Modifications to the pipe runs
and sodium level control have been made to improve performance. Instrumentation to monitor fis-
sion products in the gas blanket and delayed neutron precursors in the bulk sodium has been trouble-
free. Gas blanket monitoring equipment detected a small release of fission product gas identified
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as belonging to a radon-tagged experimental fuel pin. However, after an initial peak the signal returned
to background level and no further signals were detailed. No delayed neutron signals above normal
levels were detected at any time. Detection of radon has so far been by gas sampling and analysis
off-line. A new radon precipitator has now been installed for continuous monitoring of the gas blanket
during the next run.

The primary circuit cold trap loop was put back into service in mid-January 1983 and ran
until September, trapping impurities in the sodium as required. Some difficulties with blockages in
gas level control lines were experienced and these have been overcome during the shutdown. The
secondary cold trap functioned satisfactorily. A very much better understanding of the behaviour
of the cold traps is being gained now from the analysis of their performance and the sampling of
their contents, on which further improvements can be based.

Each of the three secondary circuits contains six bursting disc assemblies with stainless steel
membranes 0-12 mm thick. Four of these are associated with the evaporator and two with the
superheater and reheater. They form part of the plant protection system provided to deal with the
consequences of a major sodium water reaction in a boiler unit and provide a barrier between the
secondary circuits and the pipework leading to gaseous effluent and dump tanks. The membrane
failure in January 1983 was the first and led to a Station shutdown. A spark plug type sensor behind
the disc detected a small leakage of sodium. This was found to be due to fatigue cracking Mem-
branes in all three circuits have been changed.

The small sodium leak from a secondary circuit pipe below the circuit 1 reheater was iden-
tified when a wisp of fume was seen emerging from a lagging box. A crack was found in a weld
at the junction of two tee sections in the pipework. Radiographs indicated a repair had been carried
out at this position at the time of construction. A new pipe length was installed to replace one tee
and the circuit was returned to service.

A considerable amount of active handling work has taken place over the year, especially dur-
ing the shutdown, but the exposure of staff to radiation in all areas remains low. The average dose
per person in 1983 was 2 mSv (0 • 2 rem). The total actual recorded dose above film threshold was
0-18 man-Sv (18 man-rem).

2.3 Steam generators and power plant

The first two fully sleeved evaporator units were completed during the year and installed in
circuits 2 and 3. At the beginning of March 1984 they were filled and operating. The evaporator
unit in circuit 1 operated uneventfully until it was shutdown at the end of August. An inspection
of the tube bundle which took place before sleeving showed the tubes and the 62 sleeves already
installed to be in good condition. The sleeving of this third evaporator unit was carried out in a facility
built for the purpose in the turbine hall of the Dounreay Fast Reactor. The brazing and explosive
welding of the sleeves at both ends of the 500 U-tubes was carried out on a production basis on
shift by teams from Northern Engineering Industries and International Research and Development.
Adjustments to technique and procedure, based on experience with the first two units, resulted
in completion to schedule. When some engineering work to prepare the unit for service has been
completed at DFR it will be returned to PFR and installed in circuit 1.

When the plant was first commissioned there were three leaks in the stainless steel steam
generator units, two in superheaters and one in a reheater. The two superheaters were repaired
and have operated without further difficulty. The reheater unit was removed from circui» 3 in 1976
as a result of cracking to the tubeplate caused by the leak. Following this early experience the deci-
sion was taken to order three superheater and three reheater replacement un;ts in 9Cr ferritic steel.
The prime design objectives were to remove the risk of caustic stress corrosion damage to the
tubeplate by changing the material used for fabrication and by eliminating all welds from the sodium
environment. There are no welds in the tubing of any of ths PFR steam generators below sodium.

In the new units, the tube-to-tubeplate weld has been eliminated by passing each steam tube through
a sleeve with a brazed joint to the tube. The brazing technology devised for this purpose was later
applied in the sleeving of the evaporators.

The first of the reheater replacement tube bundles was delivered in December 1983 and in-
stalled in circuit 3. The flow resirictor and seal plate, in use since 1976, were removed and the
vessel was extended by the fitting of a spool piece to accommodate the greater length of the new
unit. Sodium will flow through the reheater during the next run, but the steam side connections
to the reheat system will not be made until the next reload later in 1984. 1983 was notable for
the longest and third longest continuous runs of the turbo-alternator. The former lasted from 14 June
to 31 August and was terminated only by the planned shutdown for Reload 7. The latter run ex-
tended from 21 March to 10 May and was terminated by a sudden influx of seaweed at the pum-
phouse, which caused a loss of prime to the turbo-alternator oil coolers, requiring the set to be trip-
ped. The weed was brought under control and the turbine was run up and resynchronised within
one hour.

During the Reload 7 shutdown, an extensive programme of maintenance, inspection and im-
provement work has been carried out on the power plant in preparation for operation at full power.
The alternator rotor was removed for its first inspection and fou.id to be in good condition with
only minor remedial work necessary. Improvements have been made to the feed heater protection
systems, with the assistance of the South of Scotland Electricity Board, in preparation for bringing
the complete feed heating system into service.

2.4 Fuel and active handling

Prior to Reload 7 the transfer flask used for movement of fuel betwsen the reactor and the
irradiated fuel cave was refurbished; and a substantial programme of preparation work was carried
out on components needed for the new core loading and associated handling.

Fuel was replaced in the core to increase reactivity and ao part of tha experimental programme.
A number of non-fissile components, including several guirVtubes and absorber rods, were replaced
because they had reached their end-of-life irradiation,, for example because of distortion.

Three tantalum control rods of the original design were replaced by boron carbide rods,
although they were not at end-of-life, in order to reduce future demand for valuable space in the
storage rotor where they have to remain for many months until the decay heat has fallen to a suffi-
ciently low level to allow movement in the transfer flask.

The guide tube occupying the central position in the reactor was changed for the first time
since the reactor was commissioned. This involved raising the shroud tube in the rotating shield
into a special flask above the reactor top to allow access for the charge machine.

A second sub-assembly containing fuel previously irradiated in PFR, and returned after
reprocessing and refabrication, was added to the core at Reload 7. The first fuel sub-assembly
fabricated with a ferritic/martensitic alloy wrapper was also loaded.

The changing of standard core and blanket sub-assemblies using the charge machine went
smoothly. However, the changes to guide tubes and absorbers were more time consuming than
expected and required some adjustments to procedure and hardware lo deal with the effects of
distortion.

The Reload 7 programme included a large number of experimental cluster changes in demoun-
table sub-assemblies (DMSA). Irradiated components have for the first time been placed, after post
irradiation examination, in either previously irradiated clusters or in new ones, loaded into DMSAs
and returned to the reactor for further irradiation.



3. REPROCESSING

3.1 PFR fuel reprocessing
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Following substanti dl reprocessing campaigns in 1981 and 1982 which left very little backlog
of unreprocessed fuel from the PFR, 1983 was used mainly for maintenance and inspection. Work
was directed to minor improvements in some of the engineering aspects of the plant, particularly,
in the solid waste removal systems and the opportunity was taken to fit larger shield windows in
the dissolver charge cell. This latter work involved the decontamination of a very highly contaminated
cell to levels which allowed removal of the shielding and replacement of the alpha glass and win-
dow shield blocks. An internal inspection of the dissolver was also carried out using remote TV
systems; no evidence of corrosion was detected.

The reprocessing of some non-standard sub üssembhes with wire-wrapped pins and of fabrica-
tion residues started in January 1984.

3.2 Aims of the CDFR reprocessing development programme

The main aims of the programme during 1983 were:

(i) To complete the plant design study (phase 1) and determine capital and operating costs
of a 501 heavy metal per year reprocessing plant; see summary remarks in Section 1
above. The results of the study are important in defining future development
requirements.

(ii) To continue the design study (phase 2) to achieve an uprated reference design to in-
clude alternatives to those proposed in the phase 1 design study.

(lii) To identify flowsheet and equipment development options.

(iv) To continue with the experimental tasks taking into account the requirements defined
by the design studies and the resources available.

(v) To define additional experimental facilities required to implement the programme.

3.3 Plant safety studies and criticality control

The two major areas covered have been in support of the plant design study and the proposed
batch dissolver design. (Fig. 1)

Criticality assessment of the CDFR batch dissolver has proceeded iteratively with the dissolver
design and development, using the MONK Monte Carlo criticality code and taking into considera-
tion the effects of dissolver shape, operational and transient conditions, plutonium quality, use of
zirconium instead of stainless steel as a constructional material and the extent of neutron interac-
tion between two dissolvers as in the conceptual plant design. The assessment has endorsed the
design of the proposed CDFR stainless steel dissolver with some qualification on the methods of
operation and the effect of fission products during the dissolution of irradiated fuel.

3.4 Spent fuel transport

The aim of this part of the fuel cycle development work is to integrate reactor fuel despatch
and transport with the reprocessing plant fuel receipt, storage and dismantling operations.

An economic study is in progress to compare different methods of irradiated fuel dismantling
and transport. The design of fuel transport flasks and associated handling plant at the reactor and
reprocessing sites will be completed and any further development work defined. The study is
scheduled to be completed in mid 1984.

To aid transport flask design calculations, experimental work using a water-filled model has
been completed. Axial convection was observed but only a small proportion of the heat rejection
occurred beyond the heated region. To assess the thermal performance of the flask, a detailed
heat transport model using the 3-D TAU finite element code was set up giving peak temperatures
for the case of no convection in the sodium. Applying the water model results to these predictions
suggested that three sub-assemblies rated at 8 kW can be carried within the Transport Regulations,
and there is scope for more sub-assemblies per flask.

Uncertainties in the calculations of cladding temperatures come from errors in the estimated
decay heat and the assumed surface emittances. Experimental programmes to refine these data
are planned.

3.5 Removal of sodium from sub-assemblies

The process used for steam-cleaning PFR fuel to remove sodium had been previously endorsed,
in principle, as the reference process for cleaning CDFR sub-assemblie-.. There were some reserva-
tions on the throughputs of the plants, the safety aspects of treating sub-assemblies at up to 5 kW
decay heat and the efficiency of the removal of 'sodium product bonding' between grids and clad-
ding- these matters will be examined further.

Limited work on an alternative vacuum sodium removal process continued and a rig to examine
the feasibility of the concept was built. However, in view of the success of the steam cleaning pro-
cess the vacuum removal concept has been put into abeyance.

3.6 Fuel storage

The possibility of transporting and storing sodium-free, irradiated, uncanned sub-assemblies
in water provides an option which could have significant impact on fuel cycle economics. Rapid
clad corrosion could militate against this option and an experiment to examine cladding behaviour
under realistic conditions has been mounted, supported by laboratory scale tests.

Two irradiated PFR sub-assemblies at around 8% burn-up, each in a vented can, were loaded
into the PFR water-filled buffer store in December 1982 and so far no breach of the fuel pin cladding
has been detected. The experiments will continue until a clad defect is detected or detailed
metallurgical examination of a sub-assembly is deemed to be useful.

Supporting laboratory experiments have shown that irradiated fuel cladding might be subject
to both general and intergranular corrosion during pond storage. The possibility that corrosion may
be reduced by inhibitors added to the water is also being explored.

3.7 Fuel sub-assembly dismantling and shearing

A dismantling route has been proposed against a reference sub-assembly design (DRDR
Development Reference Design for Reprocessing). The development of the dismantling method is
proceeding using inactive models to simulate irradiated sub-assembhos, supplemented where prac-
ticable by tests in the PFR fuel reprocessing plant. Inactive tests have shown the DRDR route to
be viable but work is needed to establish detailed procedures, to develop reliable equipment amenable
to remote operation and maintenance, and to confirm procedures using irradiated fuels. Prepara-
tions are thus in hand to carry out DRDR experiments on suitable irradiated sub-assemblies in a
reprocessing campaign in the second half of 1984 in which as many possible of the proposed opera-
tions will be studied in practice.

Recently the programme has been expanded to cover development of a modified DRDR route
compatible with a fuel cycle option involving dismantling at the reactor site and transport h nitrogen
of intact pins in small bundles.



jj2 Proposals have also been made for the dismantling of radial blanket sub-assemblies; these
are based on similar principles to the DRDR route and use the same procedures and equipment as
the cor» sub-assemblies.

The advantages of laser cutting have been well demonstrated in PFR fuel reprocessing and
its use is proposed in the CDFR fuel reprocessing plant, where higher powers will be required. Work
is In hand to ensure that the wrappers can be cut without penetrating the fuel cladding and it is
also desirable to meet a possible requirement for re-use of transit cans, involving a seal welding
operation.

3.8 Fuel dissolution

Laboratory trials on unirradiated co-precipitated (U, Pu) oxide dissolution in nitric acid have
demonstrated that, provided the plutonium content was less than 40%, insoluble fuel residues were
not significant in quantity. Although a review of the UK irradiated (U, Pu) oxide fuel solubility data
noted that it was not possible quantitatively to define the effects of burn-up, rating or initial plutonium
content on co-precipitated fuel solubility, it was noted that irradiation significantly improved oxide
fuel nitric acid solubility 7n most cases. To date, analysis of the plant dissolution of the fast reactor
irradiated co-precipitated fuel discharged from PFR had indicated low insoluble residues of 0 - 1 %
(8% Pu in these residues). These low levels were much lower than predicted from both unirradiated
and irradiated fuel laboratory dissolution trials.

PFR sub-assemblies will, in future, contain physically blended (U, Pu) oxide fuel pellets as
will CDFR sub-assemblies. Laboratory scale dissolution trials on unirradiated physically blended (U,
Pu) oxide pellets have shown the residues consist essentially of pure plutonium oxide.

The experimental programme to examine PFR irradiated physically blended (U, Pu) oxide fuel
pellets will start when the first sub-assembly is discharged after irradiation at design rating to the
target burn-up.

3.9 The design and development of a batch dissolver

To demonstrate design feasibility and to provide information on key aspects of plant perfor-
mance, the construction of a full-scale uranium oxide prototype dissolver and its associated off-gas
condenser and scrubber is in hand.

A batch dissolver capable of taking about 100 kg of fuel is required. The design being developed
has the general shape of an orchestral harp, the vertical leg accepting cropped fuel in a basket and
the other legs allowing liquor circulation using thermosyphoning. (See Figure 1).

The merits of feeding the dissolver directly from the fuel cropper or via a basket transfer system
have been reviewed taking into account the effect of self heating of the cropped fuel in the basket
or dissolver operation and on the requirements for off-gas treatment. The review endorsed the basket
transfer option as the reference route for the plant design and development programme.

Based on corrosion data and fabrication capability. Type 304L nitric acid grade stainless steel
is a likely candidate material for construction of the dissolver and will be tested for corrosion in the
form of coupons in the PFR fuel dissolver and in supporting experiments.

3.10 Post-dissolution accountancy and chemical adjustment

An assessment of the performance of PFR fuel reprocessing plant accountancy tank has in-
dicated the benefit of determining the weight of the tank's contents directly rather than by a com-
bination of volume and density measurements which can be significantly affected by the errors in
temperature measurement.

Potentially, weighing is capable of determining the liquor weights directly with an accjracy
of better than 0-05%. If this is confirmed, the accuracy of plutonium assessment will be limited
only by the accuracy of the chemical analysis for plutonium. The potential of weighing for plutonium
accountancy in the proposed CDFR reprocessing operations will be assessed experimentally.

3.11 Separation chemistry

An automated system has been developed based on the AKUFVE mixer centrifuge unit to
determine distribution data !n the U-Pu-HNO)/HJSOi — TBP/OK systems over a range of temperatures
covering the CDFR flowsheets. Commissioning of the equipment has been finalised and data are
becoming available.

The rates of transfer of uranium and plutonium between aqueous nitric acid and tnbutyl
phosphate in odourless kerosene (TBP/OK) are being determined in two ways: firstly in an experimen-
tal apparatus in which a single drop of one phase rises or falls through a column of the other phase
and, secondly, from pulsed column rigs. The data obtained are fed into the computer code BRAD-
SIM which is under development. This code is a dynamic model of the solvent extraction of uranium
and plutonium between nitric acid and tributyl phosphate in a pulsed column contactor. Data for
uranium and plutonium measured in the single drop experiments are in good agreement with data
from other sources.

Calculations and experimental work to quantify and identify radiolytic and chemical degrada-
tion in the organic solvent and to compare the degradation of solvent associated with the pulsed
plate and centrifugal types of contactors have been completed. It is concluded that the lower com-
parative residence time in a centrifugal contactor would significantly reduce the radiolytic degrada-
tion of the solvents.

3.12 Solvent extraction equipment

Based on available information and known operating experience, the present design and
development work is towards the pulsed plate column as the reference contactor but assessments
of the relative merit of other contactors are being made, including centrifugal contactors.

Experiments using uranic solutions to determine the performance of pulse columns operating
under typical flowsheet conditions gave HETS (height equivalent theoretical stage) values of 1 • 3 m
for U extraction.

A pulsed-plate column rig is being built capable of using solutions of both plutonium and
uranium (see Figure 2) to determine pulsed column performance data for the CDFR flowsheet and
to contribute to the validation of the BRADSIM model (see above).

3.13 Waste treatment - aqueous streams

Following an assessment of alternative designs for the storage of highly active raffinates,
a design currently in use in Dounreay was selected for the CDFR piant with some changes in dimen-
sions to give a higher storage volume. The presence of phosphate in the raffinate has been iden-
tified as an important feature in determining the concentration factor which can be achieved by
evaporation (the factor is in the range 2-5 - 10) and will determine the initial number of storage
tanks needed. Calculations and laboratory work on real and simulated highly active raffinates in-
dicate that after steam stripping and three years cooling an overall evaporation factor of 7 • 5 should
be feasible. The possible removal of phosphate species by solvent extraction and by steam stripp-
ing is being examined.

The CDFR fuel reprocessing flowsheet includes the treatment of all aqueous effluents other
than highly active waste by a 'flocculation' process to allow sea discharge of the very low activity



supernate and accumulation of a minimum volume of active 'floe' for immobilisation and disposal.
Two 'flocculation' processes are under consideration based on ferric hydroxide 'floe' and a promis-
ing alternative using uranium based 'floe'.

The uranic process offers prospects for restricting the 'floe' volume to a very low level by
using a small quantity of Uranium for multiple precipitations followed by recycle to the reprocessing
plant, with major advantages in storage and disposal costs. Preliminary results from work to date
have shown that the uranium used for 'flocculation' can be dissolved and re-used at least six times.
It has also been shown that any plutonium precipitated with the 'floe' is not convened into an inex-
tractable form, and can be readily separated by solvent extraction.

3.14 Waste treatment - non aqueous liquid wastes

An important feature of this work has been the acquisition and analysis of information from
solvent used in the reprocessing of the PFR fuel, supported by laboratory experiments and calcula-
tions; however some extrapolation of the plant data is requred, owing to the low burn-up and rating

of the fuel being reprocessed, as this influences the levels of solvent degradation. Results to date
have shown that the current solvent wash (2 • 5% Na2 COj/2 • 5% NaOH) is about optimal for the
high- and medium-active reprocessing stages for both PFR and CDFR fuel. Solvent washing may
be needed for the low-active (purification) stage.

Work to provide the basis for an assessment of the effects of high burn-up and high rated
fuel on the degradation of the TBP/OK solvent and diluent has started with the definition of techni-
ques to measure the degradation products in the solvent and to examine their distribution between
solvent and aqueous solutions.

3.15 Waste treatment - gases

Previous assessments have shown that for a 50 t/a plant it is sufficient to retain iodine and
particulates and to discharge tritium, carbon 14 and krypton 85. Recent data obtained by monitor-
ing the gaseous waste streams in the PFR fuel reprocessing plant suggest that some of these assump-
tions may be pessimistic, and they will be reviewed to ensure the demonstration requirements of
a larger plant are also covered by the programme.

A quantitative assessment of requirements for the treatment of the dissolver off-gas in the
CDFR plant has shown that a simple scrubber system should be adequate to achieve the decon-
tamination factors required for particulates. nitrogen oxides and iodine. Experimental work to con-
firm these conclusions is included in the dissolver development programmes.

The main points for attention in the CDFR off-gas treatment system will be on the removal
of fuel dust from shear off-gases, the control of dust, aerosols, iodine species and nitrogen oxides
in the dissolver off-gas stream, and the removal of aerosols from vessel vent streams. It is planned
to examine these during the reprocessing of high burn-up PFR fuel.

3.16 Solid waste - volume reduction and decontamination of sub-assembly components

An assessment of possible methods of the volume reduction of fuel pin hulls showed that
roll compaction was preferred. A prototype unit has been obtained and is being tested inactively
with a view to the specification of a design for active trials.

Good compaction of open-ended fuel hulls has been demonstrated and work will concentrate
on methods to cope with fuel pin end caps and incompressible internal fittings.

Experimental work to compare the three proposed hull cleaning options (a) leaching in 9M
HNOj, (bl electroetching in IM HNOj, and (c) leaching in 3M HN0j/0-2M Ce(NO,)4 has included
fuel hulls obtained from a recent PFR fuel reprocessing campaign. Results to date have shown that
processes (a) and (b) can reduce alpha-activity to low levels.

An assessment is in hand to examine the cost benefit aspects of the treatment of solid wastes
to volume activity levels relative to alpha, beta, gamma storoge disposal options; further process
development will be dependent on the outcome of this review.

3.17 Process control and instrumentation

The work to define a control strategy for the CDFR reprocessing plant has begun. Plant modell-
ing and control are aimed at producing a model of the Separation Plant to aid plant understanding,
controllability, instrumentation requirements and operation. This work will model column-column
and cycle-cycle interactions for the study of transient phenomena and identify parameters and
strategies for the plant (including procedures for start-up, shut-down and 'escape from fault condi-
tions'). The BRADSIM model will be an essential part of the whole plant model. This work should
also provide insight into the application of statistical inference techniques where direct measurements
are not possible or are inappropriate.

4. COMMERCIAL DESIGN STATUS

4.1 Design status

Work has continued in NNC throughout the year on consolidating the Commercial Demonstra-
tion Fast Reactor (CDFR) Reference Design. This work has generally confirmed the basic concept
of the design, which was established in 1981, with continuing improvements to engineering, sup-
ported by continuing analytical and experimental work. A major supporting activity is the prepara-
tion of a design concept safety report, which is now substantially complete, the major outstanding
section being accident analysis.

The costs and engineering feasibility of the present design have been confirmed but there
is still a need to reduce overall station cost. Improvements to the overall station layout, contain-
ment building design and fuel handling are being studied in this connection.

4.2 Core design

Work has continued analytically and experimentally on the restrained core with data coming
from the CRUPER and CHARDIS experimental facilities. CRUPER is a 2D array of sub-assemblies
to study interactions at the restraint plane and CHARDIS is a 3D facility utilising fully representative
sub-assemblies to study characteristics both in the reactor and during refuelling (see Section 9.6).
Some analysis has also been undertaken on a restrained core utilising ferritic wrappers, which have
the potential for substantially reducing the problems associated with neutron-induced void swelling.

In the quest for lower fuel cycle costs a fuel design to achieve a target burn-up of 15% has
been prepared in which particular emphasis has been placed on the selection of sub-assembly and
clad materials to minimise the length of the fission gas plenum and hence the impact on overall
design of the higher burn-up target (see Section 9.4).
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Seismic tests on the alternative shutdown system, in which the absorber is held up by hydraulic
pressure, are now complete, and have demonstrated the ability of this system to operate satisfac-
torily during the shutdown earthquake specified for the plant. All work to demonstrate the satisfac-
tory performance of this system is now complete (Section 6.2).

4.3 Primary circuit

A major change to the design of the primary circuit structure, referred to in the last report,
in which the core support structure is carried from tne bottom of the vessel is now being analysed
in detail and optimised by the use of a finite element model to allow an accurate thermal analysis
and buckling assessment. This analysis is confirming the acceptability of the design. A further change
to improve the overall integrity of the core support structure, in which the vessel is supported on
a cone built into the reactor vault, is making good progress. The details of the design are now being
finalised and have confirmed the substantial reduction in the weight of the roof structure. Develop-
ment work associated with the design of transition weld is under way. Further benefits of this design
are associated with simplification of the leak jacket, increased use of factory fabrication and reduc-
tion of overall construction time.

Substantial progress has been made in understanding the elasto-plastic buckling behaviour
of the reactor vessel under seismic loading by improvements in available analytical techniques and
experimental models. These have enabled a 3D representation of the structure, elasto-plastic
materials properties, large deformations and geometric imperfections to be analysed and compared
with experimental data. The experimental programme is now being extended to include the effect
of dynamic loading.

The thermal hydraulic characteristics of the primary circuit are of major importance in analys-
ing structural response and a major activity has been the operation of experimental models to study
high and low temperature pool and intermediate plenum behaviour. These models are progressively
modified as changes to the design become necessary or desirable and are providing confidence in
the overall design. A comprehensive study of steady state and transient temperature distributions
within the high temperature pool have now been obtained for use in structural analysis. A new one-
fifth scale air model of the high temperature pool has come into operation and is yielding data on
the potential magnitude of striping, particularly for the above core structure (see Section 6.9). Work
in support of the intermediate plenum, a zone of static sodium separating the high and low
temperature pools, has concentrated on understanding the transient behaviour. A number of facilities
are now in operation for this purpose, including a liquid metal model which correlates well with a
corresponding water model (Section 6.8). Work on the low temperature pool is concentrating on
understanding detailed flow and temperature distributions at the underside of the intermediate plenum
under both full- and part-load operation with both symmetric and asymmetric circuit operating
conditions.

Work on the above-sodium insulation includes a number of experimental rigs to determine
permeability of individual features which are used to develop the design and predict performance.
This includes a sodium rig in which endurance testing has commenced to investigate sodium deposi-
tion (Section 6.4).

4.4 Intermediate heat exchangers (see also Section 6.5)

Present analyses are confirming the acceptability of the straight tube design of IHX in which
primary sodium flows through the tubes with secondary sodium through the shell. The analytical
work will be supported by an experimental programme to determine tube buckling characteristics
and experimental data should be available during the forthcoming year. Detailed modifications are
being made to the design as found desirable from the analytical work and also some improvements
have been made with respect to cost and maintainability.

4.5 Primary pumps (see also Section 6.1)

Revised designs of the top bearing and seal have been prepared to minimise or eliminate the
risk of oil leaking into the reactor. Consideration has been given to a low pressure oil system and
also to a hydrodynamic gas seal.

The hydraulic test programme has continued and is confirming the performance of the im-
peller with the required 25% margin against inception of cavitation in order to keep open the option
of boiling noise detection for sub-assembly faults; this has shown that there is potential for a fur-
ther increase in speed.

Work has also continued experimentally on the bottom sodium bearing to determine satisfac-
tory performance under seismic loading. This has necessitated some modification to the original
design for normal operation but is indicating that a satisfactory design to withstand seismic condi-
tions can be developed.

4.6 Steam generators (see also Section 6.6)

Continuing work on the modified J tube design of steam generator is confirming its economics
and engineering acceptability. The adoption of 9Cr1Mo steel for the steam generator shell is now
reflected in the materials development programme. Full size forgings of the correct design have been
obtained and are now undergoing examination. Information so far establishes their acceptability for
this application. The next phase is establishment of mechanical properties and fabrication procedures.
Continuing work on all aspects of the boiler shell and internals is leading to steadily increasing defini-
tion of detail design and specification of supporting development work, which includes thermal
hydraulic modelling of the inlet and outlet regions.

A particular feature on which attention has been focussed during this year is fatigue in the
dry-out region of the tube in which the local conditions are outside previous experience in once-
through boilers, especially at part load conditions. Supporting analytical and experimental work is
in hand.

4.7 In-service inspection and monitoring

Comprehensive schedules for in-service inspection and monitoring of primary circuit struc-
tures are being prepared. Work is also continuing on the design and development of appropriate
techniques to meet these requirements, particularly for reactor vessels, roof and internal structures.
For the vessel interspace, a robotic device is the preferred concept and design studies have con-
tinued in order to improve specific features. A hot test rig has been built and testing has confirmed
the adequacy of the cooling and insulation at the required operating temperature of 250°C.

Work is also proceeding on develooment of equipment for under-sodium viewing of high
temperature and low temperature pool structures. This is based on the viewing techniques developed
by the ABA for PFR (see Section 6.7) using a links manipulator for placing the viewer at all locations
within the reactor. This design is being supported by development proposals covering bearings and
cabling.

4.8 Safety

The major effort on this topic during this period has been preparation of the design concept
safety report. Supporting work has highlighted the importance of using the steam plant for decay
heat rejection as well as the auxiliary NaK loops and also the effective natural circulation of the
plant even when only a single decay heat rejection loop is in operation. The reliability of the protec-
tive instrumentation and shutdown systems has been reviewed with particular emphasis on protec-
tion against single sub-assembly faults. A complete study of event trees has been completed for
single sub-assembly faults having the potential to lead to a whole core accident.



Studies have been made on the response of the containment system to sodium fires and also
on the behaviour of core debris in support of the debris tray design. Work has also been undertaken
to determine the consequences of sodium coming into contact with the reactor vault; the conse-
quence of dropping a pump or IHX during removal operations and also an analysis of cooling and
seismic response of the core component store.

4.9 Operational characteristics

Development of the overall plant performance model, BESBET, which has been developed
by NNC and was referred to in the last report, has continued satisfactorily and an asymmetric ver-
sion is now available. This has been used to analyse the performance of the reactor when only one
auxiliary decay heat removal system is operating and also when only one steam plant decay heat
removal system is available. The code has operated successfully under these very severe condi-
tions and can now be used to study the whole range of duty cycle asymmetric transients.

The overall plant duty cycle in which primary flow is constant at 60% full flow over the power
range 20 - 60% and is directly proportional to power between 60 - 100%, with steam pressure
maintained constant down to 50% load and reducing to 100 bar at 20% load has been modified
in detail to minimise the fluctuating temperature difference on the tube wall at dry out at part-load
operation. This has enabled the temperature fluctuation to be reduced to 35°C over the entire range
of boiler operation.

5. STRUCTURAL INTEGRITY

5.1 Introduction
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The aim of the work associated with Structural Integrity (Design Codes) is to deliver to the
Designers a Design and Assessment methodology which will enable any CDFR structure to be
designed, without undue conservatism, using the materials which will be available for construction
and permit the structures to be assessed (in the very detailed geometry which may be necessary
for real structures) at any time throughout their service lives. CDFR structures will operate both
in the low temperature region, below 400° C, where thermal creep effects can be neglected, and
also up to around 600°C where creep must be taken into account. Its structures are commonly
characterised by low primary stresses arising from applied loads and high thermal stresses.

With regard to Design Methods, there is no British Standards route for the high temperature
area. There is a comprehensive and impressive US formalism given in the (non-mandatory) Appen-
dix to ASME III as Code Case N-47: the UK treats this as being applicable to 'Components in Elevated
Temperature Service' as the Code Case states. This Code Case provides an Elastic Route which
is complex, commonly very conservative, and under continuous revision, and an Inelastic Route
which is very costly and difficult to use and sensitive to the Constitutive Equations input, which
describe how strain is related to stress, time, and environmental variables.

Materials properties for UK or other materials likely to be used in CDFR are dealt with elsewhere
in this Review. UK materials properties will certainly differ from nominally similar material from other
sources. An understanding and a description of how these materials will behave in operation for
30-40 years will be a main UK development task for many years to come.

The four main targets in the UK programme are:

(i) The Review and possible amendment of the ASME N-47 methodology in that it has
recognisable defects or is not exactly relevant to UK materials.

(ii) The establishment of new Code formalism on a basis different from the approach given
in N-47.

(in) The aggregation of materials data relevant to the lifetime exposure of UK materials in
CDFR.

(iv) The conduct of integral experimentation called 'Features Tests' to reveal how commonly
replicated design details or features appearing in CDFR incorporating both welds and
parent material behave in conditions closely modelling service conditions.

5.2 Codes development

The maior objective is to develop shortcut methods for computing the history of stress and
strain quantities needed for endurance assessment of high temperature '.tructures in which creep
and plasticity occur, thereby obviating the need for detailed time history inelastic computations which
are of uncertain accuracy and expensive in terms of computer time and manpower. In fact it seems
that shortcut methods are in the main valid only for restricted condition1;, e.g. where shakedown
takes place, but nevertheless they should cover the majority of normal and upset reactor operating
conditions. For emergency and fault conditions, the operative stress and strain levels may well be
too great for shortcut methods and detailed inelastic analysis is then unavoidable. The availability
of the shortcut methods would effectively extend the range of the N-47 "elastic" route, which is
at present too restrictive and/or conservative, and would correspondingly diminish the range of pro-
blems where N-47 at present allows no alternative to inelastic analysis.

The shortcut methods under development are essentially an extansion of the well-known
(elastic plus time-independent plastic) shakedown concept to incorporate creep effects. However,
considerable doubt had been cast on the validity of ASME and BS cod« shakedown design prin-
ciples, as applied to stainless steel structures under non-creep conditions, by the results of shakedown
tests on model pressure vessels carried out at Liverpool University at room temperature. A present
objective is to clarify the issues of non-creep shakedown design in stainless steel before the creep
problem can be properly resolved.

Numerical investigation of shortcut methods have been applied to simple Bree (axisymmetric
primary plus secondary stressing) problems involving creep and plasticity, using idealised material
constitutive equations. This work involved the development of a 1-dimensional program for detailed
time-stepping inelastic analysis to handle thermal shock on a plate sustaining primary stress under
plasticity and creep. The results provided an insight into the complex behaviour under such loading
conditions and confirmed the applicability of the shortcut methods. The effect of elastic follow up
was also studied.

It is now generally accepted that the low shakedown limit observed at Liverpool was due
to "cold creep" of the material rather than an effect of structural shakedown. Cold creep occurs
at room temperature in type 316 steel and is absent at 400° C. Tests on 2-bar structures at Leicester
and a Sree wheel rig at Liverpool at elevated temperatures (below the thermal creep range) are sug-
gesting the code stress limits for shakedown will result in acceptable strain accumulation in CDFR
structures. The need for systematic material testing to determine acceptable shakedown design
stress limits was identified and a programme of suitable tests is in hand at RNL and BNL. It is
suspected that important information on total strain accumulation will be obtained from these material
tests, from further tests on 2-bar structures at Leicester and Bree tests at Liverpool, and from the
structural shakedown experiment mentioned below.

Interim constitutive equations for creep and plasticity of type 316 steel are now available
for use and these combine the ORNL formulation with RNL material property data. The equations
are being tested in a range of simple situations and are also being employed to generate consistent
isochronous stress-strain curves and relaxation data for code design use. The use of the constitutive
equations for creep analysis of a piping elbow is also being investigated using the ABAQUS code
at Strathclyde University.

The shortcut methods were applied to the analysis of the 2%Cr1Mo outlet tubeplate of the
CDFR once-through boiler under conditions of pressure and thermal transient due to reactor trip



gß The method, involving the generation of a residual stress field, proved reasonably easy to apply,
and showed that the creep reference stress was a little in excess of the allowable stress indicating
that excessive strain accumulation would occur. Whilst the design was unsatisfactory for this and
other reasons and has been superseded by a design î5 9Cr1Mo material, the work demonstrated
the practicality of the shortcut methods and their power in assessing the ratchetting potential of
the perforated plate for which no inelastic analysis could be contemplated.

Verification testing of inelastic computer programs to aid development of design office
capability for inelastic analysis continues. Benchmark testing of the ANSYS and ABAQUS programs
is in hand or completed under the auspices of the European FRCC. The results achieved have been
satisfactory in comparison with those of other participants, and have provided useful guidance in
selecting values for parameters describing the idealisation of structure and loading.

5.3 Life assessment

The activities in this area cover thermal striping, thermal features experiments and failure
mechanisms and criteria. The overall objective is to develop and validate Life Assessment rules for
elevated temperature components and structures.

5.3.1 Thermal striping

Techniques have been developed for determining thermal striping fluid temperature histories
from model tests, and these will be used to provide data for the CDFR above-core region. An
understanding of surface heat transfer processes is developing.

A reasonable fatigue data base on the behaviour of type 316 stainless steel under uniaxial
high cycle constant strain range conditions has been obtained, including the effects of temperature,
material batch, cold work, ageing, weld metal and surface imperfection. These have shown the ef-
fect of small initial crack-like defects in significantly reducing allowable temperature ranges.

Computer codes for the stress analysis and fatigue crack initiation and growth analysis of
simple components subject to a known random surface temperature variation are being developed,
and the results will be compared with simpler statistical analysis routes.

Further work is needed on the interaction between thermal shocks and thermal striping,
including:

(a) Initiation of cracks by creep-fatigue, growing by striping whilst the cracks are small and
by shocks when larger.

(b) The effect of plastic cycle rate on material softening, which could lead to a lowering
of the striping endurance limit.

(c) The presence of creep voids leading to creep-fatigue interaction with striping cracks.

5.3.2 Thermal features experiments

The objectives in this area are to examine the provisions of high temperature design codes
with respect to the endurance of fast reactor materials and design features under conditions represen-
tative of reactor trip and other transients. The aim is to establish the relationship between data from
thermal experiments and from uniaxial materials tests, taking account of the effects of multi-axiality,
stress and strain gradients and varying temperatures.

Work has so far been confined to relatively short term tests under conditions much more severe
than those encountered in service. Thermal shock tests on type 316 stainless steel at various
laboratories on simple geometries have shown that endurance can be correlated with uniaxial data.
The hold time testing at 550°C in the AERE rig is now complemented by the NNC salt bath tests,
in which several casts of 316 steel are undergoing 1 h dwells with a peak temperature of 600°C.

Two tests have been carried out on partial penetration fillet welds at the bore of the thick
walled cylinders, and at 1100 cycles, 325 to 625°C, showed extensive cracking.

5.3.3 Failure mechanisms/criteria

The aim is to clarify and quantify the micro mechanisms of high Temperature failure in fast
reactor materials, in particular in type 316 and 9Cr steels, so that Code- rules for life assessment
are seen to have a sound physical basis. In addition, such studies enable extrapolations in time and
stress to be made more confidently. Much progress has been made in r.onfirming a new ductility
based criterion for creep-fatigue failure in the region of applied strain ranges (less than 0-3%) ex-
perienced by plant. This utilises a summation cycle by cycle of creep strain increments as a basis
for damage rather than the existing rules which use a time fraction. The new criterion gives cause
for concern if materials ductility is below a few percent: austenitic weldmbnts, which can have creep
ductilities less than 1 % are particularly critical. An advantage of the strain based criterion is that
it is relatively insensitive to the detailed form of material constitutive equations. In contrast to
austenitic steels, 9Cr steel is resistant to creep damage and the new criterion would indicate good
creep-fatigue resistance of this material, which is confirmed by uniaxM tests done to date.

In future studies, a code procedure based on the new ductility criterion will be developed
for creep fatigue in both austenitic and 9Cr steels. Detailed consideration will also be given to crack
growth under fatigue, creep and creep-fatigue conditions, with a view to developing code procedures
for flaw tolerance in elevated temperature components.

5.4 Piping

The primary aim is to assist in ensuring pipework designers havo adequate tools, data and
criteria to meet the problems which arise, particularly in assessing fast reactor sodium circuits. These
problems remain largely centred on the implications of suppressed thermal expansion and the methods
to be used for evaluating their effects for various categories of pipework, particularly those which
are thin-walled and subject to creep. This has led to work being placed at the University of Strathclyde,
the findings from which should be made more widely available at a forthcoming Conference plann-
ed by the I.Mech.E. on Pipework Design and Operation. In addition to these experimental tests, on
bend and straight test assemblies, NNC are currently comparing strain measurements made on
pipework tees with expectations from finite element modellings.

Further tests aim to establish limit loads which are relevant to failure margins and have some
bearing on the response of components to hypothetical extreme events, such as that defined by
a Safe Shutdown Earthquake. This work is being done with some financial support from the Fast
Reactor Codes and Standards Group of the European Commission, as is a State of the Art seismic
assessment. The latter is being carried out on a notional secondary circuit piperun and a new release
of the program FRAMES is being used for this purpose. Other aspects of sodium circuits to which
the Group has given consideration include sodium stratification in pipework. This emerges as a topic
needing further thermal-hydraulic considerations, particularly for pipework under natural circulation
conditions. In addition to its potential for causing temperature differences and hence bowing of
horizontal lengths of pipe in particular, it has been identified as an effect which can give rise to
transients which are not well-predicted by one-dimensional pipeflow considerations.

The classification of pipework depends on the duty that the pipework performs and, in par-
ticular, on the possible consequences of any failure to meet its intended purpose. For these reasons
it is considered that both the high pressure primary circuit pipework and that of the decay heat removal
system should be designed and manufactured to Class I nuclear requirements. The decay heat removal
(DHR) system has in addition to remain operational after the severe loadings of low probability Level
D events.
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Following further consideration which has now been given to the secondary sodium pipework,
it has been decided that these circuits should be designed to meet Class II nuclear requirements.
This decision is consistent with current American practice and, in these terms, means designing
to ASME III Section NC and, additionally, to Code Case N-253 for the hot legs of these circuits.

A major objective of the current programme of work has been concerned with providing in-
formation to enable current design procedures to be reviewed against test data which are specific
to UK fast reactor component geometries. Test assemblies of bends with attached straights have
been subjected to simulated loadings at the University of Strathclyde. In addition, NNC are current-
ly comparing results from tests on a formed tee-piece with expectations from finite element analyses
using NASTRAN. The latter has, in most respects, shown good agreement with results from strain-
gauging and additional ultrasonic thickness measurements have subsequently been made for feeding
back into the analysis.

Further consideration will be given to the findings from these tests as final results become
available, and to the implications of the strain and deflection measurements being made on bend
test assemblies. The primary objective in each case has been to relate the data to that currently
in use for design and component validation. The final report which has now been received on the
pilot test programme, documents the experience gained in the development of techniques for car-
rying elevated temperature creep tests as well as more comprehensive data covering elastic behaviour
together with some preliminary design information. This design information relates the strains and
deflections under creep conditions to ovalling of the bend cross section, and emphasises the impor-
tance of the constraining effects of the attached straights on this ovallmg.

5.5 Seismic requirements for pipework

Until such time as detailed seismic requirements for a UK commercial fast reactor are defined,
it is being assumed that these will not differ significantly from those which are now being applied
to other commercial stations. It has become clear on the basis of this assumption, for example,
that stiffening, particularly of the secondary sodium pipework, is essential under seismic conditions.
Snuhbers which resist dynamic, but not thermal, movement provide a means of meeting this re-
quirement; until recently no direct means has been available to assist the designer in optimising
the layout so as to minimise the number of snubbers employed. Recognition of considerable
economies which are potentially obtainable has led to development in the USA of a proprietary pro-
gram termed HANGIT for such purposes. This is now being evaluated, and preliminary design studies
encourage the belief that economies and improvements in reliability are obtainable through the use
of a design tool of this nature. Final validation of the layout, as optimised by HANGIT, or some other
means, then requires that a subsequent dynamic analysis be carried out. Work of this kind has proved
expensive when bureau facilities have been used, which is an additional reason for continuing to
support national codes. It has however led to requirements for further development of the latter
to ensure that they remain abreast of the current state of the art. Some support is being given to
carrying out such a seismic analysis on a notional secondary circuit piperun by the Fast Reactor
Codes and Standards WG of the European Commission. This has been coupled with experimental
work, being undertaken at Strathclyde, to determine limit loads for pipework assemblies; the latter
are relevant to establishing margins against failure and to a critical review of the methods currently
in use for making seismic assessments.

5.6 Structural integrity

During the year a Review of the CDFR Core Support and Containment Integrity Case was
undertaken. This Integrity Case considered the design of the CDFR safety-related structures in one
of three concepts, namely, Safe Life, Defect Tolerant, Fail Safe. The Primary Vessel is considered
to be in the Safe Life category on the basis that a Leak-before-Break argument can be made. The

roof structure and strongback are potentially Defect Tolerant structures in that a feasible dimen-
sional monitoring scheme will detect deterioration well before it could lead to an unacceptable failure.
The strongback (supporting the diagnd and core) may be capable of being engineered with an in-
dependent support path through the sodium pipework, and would then be regarded as a Fail Sale
structure.

The Leak-before-Break argument for the primary vessel must turn on an unambiguous
demonstration that all relevant defect populations have been covered and all possible failure modes
have been recognised. The logic of the argument that the failure motjes have been correctly
characterised relies crucially on convincing experimental demonstrations. Very encouraging progress
has been made by SRD staff using the Chapelcross distributed load plate testing rig, and by studies
of semi-elliptic (thumb-nail) crack propagation in small specimens.

The objective of the small specimens Leak-before-Break testing was to investigate thumb-
nail shaped defect growth under combined tension and bending. Because the material is ductile,
very little defect growth took place for large plastic strains. As a consequence, under pure bending,
the specimen reached the limit of bending li.e. plate bent double) with little crack growth: under
combined bending and tension the specimen bent until the bending stress was negligible and defect
growth took place under tension. Defect shape at break-through has been recorded for this type
of loading. It is now intended to perform tests with a specimen where trie bending component of
stress is maintained: it is already clear that larger specimens are required These tests are intended
to clarify what should be included in a programme designed to establish the Leak-before-Break
argument.

5.7 In-service inspection

For inspection of the primary vessel of the CDFR, a 'crawler' type device has been designed
and constructed to operate in a 200 mm gap (equivalent to the gap between vessel and leak jacket)
and at 250°C. The feasibility of such a vehicle carrying inspection tools> has been demonstrated,
and further development requirements to assess reliability are being considered.

Adoption of a 'bottom' core support structure has had the most significant impact on the
JSI engineering programme. The previous proposed tracked system of access engineering to the
'tension' core support structure was not considered satisfactory for the new compression skirt design.
The 'links' manipulator device (developed for new AGRs) previously considered as an alternative
method of presenting inspection devices, was identified as the best choice. The fact that the potential
of such a device had also been recognised for use in PFR, has given greater impetus to the detailed
examination of the 'links' concept for 'in-sodium' application and thu initiation of preliminary
development.

5.8 CDFR design considerations

This section presents some of the considerations touched on earlier land others) in a Design
context.

S.B.I Welds

There is general unease that the N-47 formalism on fatigue, creep-fatigue and strain limits
for welds made in 17-8-2 in joining type 316 steel sections will result in unsatisfactory plant ser-
vice. Within the ASME committees, proposals exist for amended Fatigue rules and for Allowable
High Temperature stress. These have been paralleled by recent Papers on fatigue, creep-fatigue
and permissible strain in 17-8-2 weld material.



It is not currently clear whether welds are under-designed, or parent material is over-designed
in the A5ME fatigue formalism. It appears to be the case that weld limits based on Code allowable
ductility require revision. The feasibility of developing the specified weld material has been raised
with Materials specialists in the rupture ductility context.

5.8.2 High temperature design

The N-47 route gives the alternatives of an elastic route, which may be very conservative,
and a costly and difficult inelastic route sensitive to materials input data. In the important case 'A
9Cr1 Mo tubeplates, a UK definition of allowable stress leads to anomalous and unacceptable caep
strain when calculated by the ASME elastic route. Good progress has been made in evolv'ng an
alternative approximate design route, based on a creep modified Shakedown formalism, and it is
recognised that this must be accompanied by the derivation of a satisfactory residual sfess state.

5.8.3 Thermal striping, etc.

A real restraint on CFR design is the calculated damage from thermal striping arising from
high frequency 11 Hz) temperature fluctuations in the sodium coolant. The UK position is considerably
less conservative than that adopted by the US and others. The long chain of steps involved in the
present UK calculation method involves many possible inaccuracies. These are being tackled, for
example, by comparison of uniaxial isothermal fatigue tests with thermal fatigue testing, experimental
examination of the Rainflow cycle compounding method, consideration of the Code aggregation
of shocks and Striping, etc.

5.8.4 Tube-plates

The CDFR boiler tube-plates are essentially specified in 9Cr1 Mo steel because of their alleged
negligible creep-fatigue interaction. There is a further suggestion that the creep provisions of N-47
might be ignored, or substantially changed when applied to this material. Relevant materials studies
have been initiated and further attention is now required to the relevance of the Code formalism.

5.8.5 Safety related structures

The continuing contribution made by the experiments at SNL on wide plates is of major value.
These experiments have clarified the detailed stressing and deformation processes operating in the
geometries tested and appear to have shown the relatively small effect of what were originally con-
sidered to be the dominant weld residual stressing.

The logic of the situation appears to be that acceptable confidence will be established in the
behaviour of the tank and other structures containing defects with an appropriate programme of
experiments in the proposed biaxial, distributed load testing machine SFTF (Structural Features Test
Facility). This machine implements the strong theme which has been evolved over the past 2 or
3 years of undertaking tests on 'Features' of the plant with the geometry, materials, fabrication
details, loading and service history all closely modelled. This enables a break-away to be made from
the uncertainties associated with conventional design routes where, for example, the material and
mechanical complexities at a weld/parent material junction, can rarely be considered in detail.

6. ENGINEERING COMPONENT DEVELOPMENT

6.1 Primary pumps

An economical two-stage centrifugal pump has been chosen for the primary circuit of the
CDFR. This givos 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.

The design of the 450 r/min pump has now been adequately endorsed. In respect of its cavita-
tion performance the following have been concluded:

(i) The performance of five out of the seven blades provides the specification margins for
four out of four (4/4) and three out of four (3/4) operation on a full sized pump at 450
r/min.

(ii) If the pump speed is reduced to 84% in 3/4 operation the margins can be met on all
blades.

(iii) If the best blade performance could be matched by all blades than a significant further
increase in design speed would be feasible.

The first series of tests on the full size pump bearing in water has now been satisfactorily
concluded. To increase the capacity of the bearing to withstand seismic disturbances, the possible
use of a plain (unstepped) bearing with reduced radial clearance is being considered.

6.2 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, six absorber rods are held out above the core by sodium pressure provided by
HALIP electromagnetic Dumps (described in last years report), and are released by interrupting the
electric power supply to the HALIP pumps. The rods are initially cocked using a tool suspended from
the rotating shield which is then withdrawn so that there is no direct connection between the rods
and the roof. This ensures that the functioning of these rods is independent of relative motion bet-
ween the core and the Above Core Structure, such as might occur in a seismic event.

Hydraulic tests using a full size water rig have continued, and have been mainly concerned
with investigating the effect of seismically-induced vibrations. For the first series of tests a vibrator
attached to the rig produced vibrations at the upper restraint position; for the second series it was
moved to opposite the lower restraint position. The outcome of these tests has been very satisfac-
tory. Results show that the minimum hold-up flow and drop times to dashpot entrance are unaf-
fected either by the application of vibration at the two positions or by the size of clearance at the
lower restraint. This clearance has been varied from zero to 0-5 mm with the vibrator producing
maximum amplitudes of 12 mm peak-to-peak.

An Ultrasonic Position Indicator is being developed for use with these Alternative Shutdown
Rods. An acoustic signal from a transducer mounted above the rod is reflected from the top of the
rod and the rod position is deduced from the time-of-flight of the pulse. This Ultrasonic Position
Indicator has been used to measure the movement of the rod during drop tests, and has been shown
to operate satisfactorily with and without cross-flow above the rod. The water rig will next be used
to determine the mechanical performance of the Primary Control and Shutdown Rods.



6.3 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 the plates.
The first assembly of the rig comprised fifteen permeable plates forming sixteen cells, and the ex-
perimental results from this were reported last year.

Early in 1983 the rig was re-assembled after removing eight plates leaving an insulation pack
containing seven permeable plates forming eight cells. Results from this series of tests show, as
expected, an increase in overall heat transfer coefficient of the cell when compared with the previous
test series. There is also a larger variation in the range of Nusselt number from top to bottom of
the cell.

The rig was vacuum distilled for a second time, the remaining plates were removed, and a
smooth liner was fitted to the sides and bottom of the convoluted test tank and 51 new ther-
mocouples were added. This liner produces a smooth rectangular tank approximately 1 m high by
0-6 m wide by 0-25 m between the hot and cold faces. Experimental work on this Test Section
is just starting.

6.4 Above-sodium insulation

A test pack of roof insulation plates for use above the sodium of the primary vessel has been
installed in one of the test stations in the Sodium Components Test Rig (SCTR) in RNL to investigate
temperature distributions and possible sodium deposition in the insulation under steady-state con-
ditions. This is termed the SARI experiment.

The Phase I tests, using argon cover gas only and measuring temperature distributions, have
been completed. The measured temperatures are in reasonable agreement with those calculated
using the computer program CADILLAC. The Phase II tests, in which a sodium pool is introduced
below the insulation pack, have commenced.

6.5 IHX tube buckling

The proposed design of the CDFR intermediate heat exchanger (IHX) uses straight tubes
welded into top and bottom tubeplates. Support grids at intervals prevent excessive radial deflec-
tion of the tubes. The tubes are of type 316 stainless steel, 25 mm diameter with 1 mm wall
thickness. During some reactor transient conditions, some of the outer tubes become hotter than
the tubes in the centre of the bundle, causing them to experience a compressive loading. A theoretical
buckling load has been calculated for a single tube of 8 • 9 kN which corresponds to a tube-to-tube
temperature difference of 40°C. When an allowance is made for the ASME III code safety factor,
random temperature differences have to be limited to less than 25°C, which is an undesirably small
permissible variation. An experimental programme has therefore been devised to measure the actual
buckling behaviour of representative tubes. An IHX Tube Buckling Rig has been designed and is
currently under construction in RNL. It comprises a framework in which a single full length represen-
tative tube is supported in suitably spaced grids at temperatures up to 540°C. An end load is ap-
plied by a hydraulic jack with both load and strain sensing and servo control so that either load-
controlled or displacement-controlled buckling experiments can be carried out.

6.6 Steam generators

Explosive weld development is continuing on 9Cr1 Mo machined tube and test block material.
Three trial welds have been made:

(a) bottom face weld with 12 mm tubeplate bore;

(b) bottom face weld with 18*2 mm tubeplate bore;

(c) top face weld.

A weld (peel resistant) length of around 15 mm was obtained in all three. Future work will
concentrate on the back face weld as this is the preferred position.

Fusion weld development is continuing on 9Cr1Mo machined tube and test block material.
An external orbital wire fed welding machine has already been developed, and this will be used to
establish a normal operating point with respect to wire feed rate, head rotation speed, arc gap, weld
preparation and post-weld heat treatments.

A 60" sector Air Model of the tube bundle and grids has been manufactured and commis-
sioned, and work has started on mixing tests. Grids with 11 mm diameter flow holes were first
tested and a mixing factor of 90% per grid pitch measured. This compares with a mixing factor
of 140% per grid pitch which is predicted as being required to limit sodium temperature differences
between active and inactive channels (due to plugged tubes) to 55°C. The grids were then modified
to contain alternate flow holes of 11 mm and 13 mm diameter in each grid but transposed between
adjacent grids thus inducing a degree of crossflow. This arrangement improved the mixing factor
to 120% per grid pitch. Further modifications are now in progress in which alternate rows of the
11 mm diameter holes will be plugged. This will induce further crossflow and may achieve the re-
quired mixing.

An 8 x full size grid pressure drop model has been constructed to help assess the effect of
Reynolds number on grid pressure drop, to assist in the extrapolation of re'.ults from the 60° sector
air model to reactor conditions. Initial results have shown:

(a) a linear fall in pressure loss coefficient over the Reynolds number range 10* to 2-5 x
10s (sector model to reactor) thus making extrapolation of sector model results a simple
matter.

(b) a 45° inlet chamfer with a depth equal to 0 • 14 x flow hole diameter gave a 22% reduc-
tion in pressure loss over the no-chamfer case. Larger chamfers made little further dif-
ference. If future tests show that mixing is not significantly worsened by chamfering
the flow hole inlets, this relatively simple and cheap addition to the grid manufacturing
requirements will be adopted for the reference steam generator unit design.

6.7 Under-sodium viewer

As reported last year, an under-sodium viewer has been successfully used in the PFR. It com-
prises an array of 12 ultrasonic transducers mounted on the end of a 10 m long vertical tube which
is fitted 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
± '/J mm.

Significant improvements are being made to the existing viewer. A new spin drive motor is
being installed with a higher rotational speed which will increase the resolution of the image by a
factor of 2 or 3. A complete reconstruction of the input system, including a new head electronics
unit will enable the signal-to-noise ratios to be improved significantly.

A new electronics and software communications package has been commissioned forming
an integrated computing system for image processing. The maximum «ntropy technique is now
established, and methods for handling the largest detail images (512 x 512 resolution) are being
developed.



6.8 Primary circuit flow

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.

6.8.1 Hot pool

Work has continued on the one-fifteenth scale hot pool model. Under steady-state conditions
measurements have been made of bulk flow patterns using flow visualization by air injection, and
velocities in specific radial planes using pitot tubes. The free surface has also been studied in order
to minimise gas entrainment.

Transient conditions have been studied on the model by using a solution of sodium nitrite
to simulate the buoyancy effects. For flow visualization, the salt solution is dyed, and for detailed
study of the temperature distribution around the pool as the transient progresses the nitrite solution
is held at a temperature about 10°C lower than that of the fresh water, thermocouples being used
to monitor the mixing between the two.

Particular attention has been paid to measurements of transient temperatures in the region
of the IHX tubeplates, the inner tank and the pool floor. Trips from both 100% power and 60%
power have been simulated. These measurements have been compared with predictions from the
computer code VICSEN.

A one-fifth scale air model of a 90° sector of the hot pool region has been constructed. The
low baffle above-core structure is mounted above a model core in which individual sub-assemblies
are represented by tubes, each with a flow control gag and heater. The hot pool contains one
simulated pump stand-pipe and two IHXs. The model is designed to allow easy modifications of
the immersed structures to keep pace with design changes. The initial experiments have been aim-
ed at determining the extent of thermal striping on the above-core and other immersed structures.
They show that the design intent is achieved, in that the potentially damaging thermally unsteady
flow from the region of the core/blanket boundary is successfully diverted away from the above-
core structure.

A similar water flow sector model at one eighth scale has been designed and is in the later
stages of construction in RNL. This model will allow visualization of flow patterns and thermal shock
simulation and, with its capability of simulating buoyancy effects, will be used to determine whether
buoyancy significantly affects thermal striping in the outer regions of the pool.

6.8.2 Cold pool

The 1/11.5 scale cold pool model has been fitted with dye probes and thermocouples over
half of its area, to allow more detailed data to be recorded during transient tests. During transient
testing, temperatures have been recorded under the strongback deckplate and close to the ringbox
webs. Pump distributions show 73% of the 'hot' flow being taken by the pump sandwiched bet-
ween simulated 'failed' IHXs. The maximum temperature rise at the deckplate occurs around the
pump inlet. These tests were repeated, simulating the transient through a different pair of IHXs.

The transient tests were repeated with one of the secondary circuits shutdown, showing,
as expected, poorer mixing in that sector. Steady-state tests were also repeated, for the study of
flow patterns. All transient and steady-state flow patterns were recorded on film as well as on sket-
ches; the tests have been repeated with a different pair of IHXs shut-off.

6.8.3 Intermediate plenum

The objectives of the programme for the intermediate plenum are to evaluate:

(i) the enhancement of heat flow passing through the plenum due to heat flows through
the vertical boundary;

(ill the transient behaviour where the roof of the plenum and possibly the vertical walls are
suddenly cooled.

Phase 1 of the programme aims to gain a basic understanding of the thermal hydraulic
phenomena using water rigs. Phase 2 aims at determining how the phenomena observed on the
water rigs are modified when they occur in liquid metals. Substantial progress has been made dur-
ing the year on achieving these objectives, particularly in respect of steady-state behaviour.

A 1/12-scale two-dimensional water-filled plenum rig has been used to investigate steady-
state behaviour under the following conditions:

(a) roof and floor adiabatic, one vertical wall heated, the other cooled;

(b) roof and one wall heated, other wall adiabatic, floor cooled;

(c) roof adiabatic, floor heated, both walls cooled;

(d) roof and one wall cooled, floor and the other wall heated;

(e) roof cooled, floor and one wall heated, the other wall adiabatic.

Three-dimensional effects have been studied on a one-fifteenth scale water-filled rig. Par-
ticular attention has been paid to the effect on the floor Nusselt number of supplying and/or remov-
ing heat from the IHX pools, the pump penetrations and the refuelling penetration.

A one tenth scale mercury filled plenum rig at RNL has been operated under the following
conditions:

(a) roof heated, floor cooled, walls adiabatic;

(b) roof heated, floor cooled, one wall adiabatic, one wall heated to roof temperature;

(c) roof heated, floor cooled, one wall adiabatic, one wall heated at a uniform heat flux.

Very good agreement has been obtained between the mercury and water results. The Prandtl
Number of mercury is 0-023, compared with 0-005 for sodium and G for water, so the mercury
experiment approximates to the sodium condition. The work outlined a'jove has given considerable
confidence that the intermediate plenum can be designed to produce acceptable temperature distribu-
tions during steady-state conditions, and attention is now turning to investigate its performance
during transients.

6.9 Thermal striping

An experiment with flowing sodium has been mounted by the UKAEA in the AKB loop at
Interatom to measure the attenuation in amplitude between the thermal fluctuations occurring in
the fluid and those produced in structures immersed in the fluid. The experiment comprises an array
of fluid thermocouples and wall sensors arranged on a 'rake' which is traversed above a group of
sub-assemblies representing a core/blanket boundary. Thermal striping is produced in the fluid by
feeding some sub-assemblies with hot sodium and others with cold sodium.

The 'rake' used consists of a 15 mm thick plate of 120 mm axial (flow direction) length, with
twelve wall thermal sensors and associated fluid thermocouples for 'boundary layer attenuation'
measurements. Six of the sensors are at the leading edge. A total of fifty thermocouples are available
for measurement, the balance being made up of fluid thermocouples attached to the 'rake'. All the
data are recorded as analog signals on magnetic tape for subsequent analysis.



7. MATERIALS DEVELOPMENT

7.1 Fabrication and inspection

In the development programme for the CDFR steam generators, two methods of attaching
the 9Cr1 Mo tubes to the 9Cr1 Mo tubeplates are being studied: fusion welding to a machined pintle
on the underside of the tubeplate and explosive welding near the top or bottom of the tubeplate.
The geometry of the bundle will provide sufficient clearance for an orbital fusion weld with an ex-
ternal wire feed. A welding head has been designed and built by Babcock Power Ltd. and its
mechanical performance has already been demonstrated on type 316 stainless steel joints before
using 9Cr1Mo materials. Explosive welding has proceeded rather more quickly, as 9Cr/9Cr welds
have been made both at upper and lower positions using components machined from air-melted
bar stock. Using the IMPACTOR method, welds with a peel resistance of 15 mm can be made at
both positions but the amount of hard zone is excessive. It is hoped that the quality can ultimately
be improved by rc-designing the impactor.

For possible use in welding thick sections of 9Cr1Mo steel, manual metal arc welding elec-
trodes from six UK commercial suppliers have been deposited and analysed. All conform to the cur-
rent British Standards; they appear to have similar properties and are the subject of further study.

Explosive welding of austenitic materials is being developed as the means of tube-to-tubeplate
attachment in the CDFR IHX. Because of the thin tube wall (1 mm) the IMPACTOR method is being
used, which allows welding at any position in the depth of the tubeplate. but requires the use of
support plugs in adjacent tubes, because of the thin ligaments (7-3 mm). Welding at the various
positions each has its own advantages and problems, so all the options will be explored before a
major test programme begins.

Work is continuing on the evaluation of the mechanical properties of 17-8-2 weld metal
deposited by manual metal arc, tungsten inert gas, metal inert gas, and submerged arc welding pro-
cesses. Ferrite content had little influence on tensile properties, but increasing amounts adversely
affected the toughness. This property was also influenced by the type of flux; basic submerged
arc fluxes producing tougher weld metal than acidic ones, although at the expense of poorer
radiographic quality.

Limited development has started at RNL on inspection techniques required to support the
fabrication inspection of pintle/tube butt joints. An electro-slag-refined (ESR) 9Cr1Mo development
forging has been delivered to RNL and it is intended to perform an automated ultrasonic examina-
tion of that part of its volume from which it is planned to machine the pintles.

Previous tests by RNL of the partially automated ultrasonic equipment for the measurement
of tube wall thickness on straight sections of 20 mm bore evaporator tubing have been supplemented
by tests on 11 mm bore superheater tubing. Also, probes have been ordered to a new design incor-
porating limited flexibility which will allow them to pass through curved tubing with a bore of at
least 16 mm. Their performance will be assessed in the coming year.

A contract with Babcock Power Ltd. has shown that the Circograph rotating probe eddy cur-
rent system for the detection of surface flaws in ferritic tubing suffers, as expected, some degrada-
tion of performance in the presence of magnetite but may be capable of detecting the occurrence
of flaking.

Limited theoretical work at AERE and experimental work at Fulmer Research Laboratories
Ltd. on behalf of RNL has continued in an attempt to understand the ultrasonic behaviour of liquid
filled cracks in support of the inspection of sodium-containing components.

7.2 Mechanical and physical properties

7.2.1 Austenitic steels (type 316)

Stress rupture tests at ERA on wrought material now extend to 150000 h (17 yl; such long
term data are beginning to reduce the uncertainties over plant life (= 30 years) Stress rupture tests
on weld metal in progress at ERA and RNL extend to only = 20000 h.

Creep/fatigue tests are in progress at SNL and RNL to provide more reliable data necessary
for the analysis of component behaviour under thermal shock conditions. Tests on different casts
have shown that the creep/fatigue endurance is a reflection of the stress rupture ductility, a cast
with a low ductility giving a relatively low creep/fatigue life. Weld metal is of considerable significance
in this respect but because of the trend for the stress rupture ductility to fall with increasing rupture
time it may perform badly at longer times more relevant to plant conditions. Further tests will be
conducted on wrought material and weld metal at low strain ranges (0-6/0'35%) to long times
i'Vi - 2 years! to ascertain the generality of the change in fracture mechanism and the applicability
of a strain-based damage criterion.

Cyclic crack growth tests are being performed to provide data to assist in the analysis of
crack propagation of defects. Basic behaviour under rapid cycling has been well established and
recent tests have been aimed at evaluating the growth behaviour under slow cycling (creep/fatigue)
conditions. Comparison of the data with the basic behaviour has not shown any acceleration in cyclic
crack growth rate in most of the tests performed. RNL are extendiny the work to investigate the
effects of constraint (i.e. specimen thickness) and preliminary work has shown the continuous cycling
fatigue crack growth rate to decrease as the specimen thickness is increased.

A wide range of fracture toughness tests have been made on type 316 steel and weld metal
to provide initiation and R curve data for the assessment of flawed structures. Under the conditions
examined the initiation fracture toughness of the weld metal is signilicantly lower than that of the
wrought material. Future work will include a study of the effect of delta ferrite content in weld metal
on its toughness and an evaluation of the toughness of narrow gap TIG weld metal.

Post-irradiation tests are being performed or planned in relation to various mechanical pro-
perties which could be relevant to low temperature structures, e.g. diagrid, and high temperature
structures, e.g. above-core structure. In relation to low temperatures, fracture toughness tests per-
formed at WNL on material irradiated at about 370°C up to damage levels of 4 dpa have indicated
that the fracture toughness of type 316 steel and weld metal measured on 10 mm thick specimens
is not adversely affected by dose levels of up to about 2 dpa. (The anticipated lifetime dose levels
of CDFR structural components is expected to be below 2 dpa) Future tests are planned to study
the effect of neutron spectrum and specimen size. Various fracture toughness tests will also be
performed on material irradiated at about 590°C to provide data relevant to the above-core structure.

In relation to high temperature applications (about 500°C) it h now well established that the
slow strain rate properties such as stress rupture, creep/fatigue and, by implication, slow cycling
crack growth can be significantly influenced by very low irradiation levels. Rapid cycling crack growth
tests have been performed at WNL at 550°C on material irradiated to 0 • 5 dpa. As expected, the
growth rates were little affected by irradiation. Two preliminary slow cycling crack growth tests
have also been carried out; these gave an indication of acceleration in growth rate, but further limited
tests planned for 1984 are necessary for confirmation.

The CEGB have investigated precipitation behaviour in nine casts of wrought type 316 steel
aged at temperatures from 55O°C to 815°C and times up to 120000 h. Kinetics for the precipita-
tion of MnC l. rj-phase and o-phase were also studied. Comparisons have been made between
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microstructures In type 316 steel after high strain fatigue or creep at 625°C which had been sub-
jected to various ageing treatments. The deformation was related to both solution strengthening
and dislocation distribution and the latter generally formed a dislocation 'cell' pattern. The scale
of the latter was dependent on the previous history of ageing or deformation.

7.2.2 Ferritic steels

(a) 2 V.Cr1 Mo steel and weld metal

In relation to strain controlled fatigue, continuous cycling tests performed on post-weld heat-
treatment (PWHT) weld metals at 475 and 525°C have given endurances consistent with those
for wrought material over the temperature range 427-550°C. This finding continues to support the
general trend in behaviour for PWHT weld metals to be within the overall wrought normalized and
tempered/quenched and tempered data base. In 1984 the work will be extended to a study of the
creep/fatigue behaviour of weld metal.

At AERE the effect of thermal ageing on the microstructure and fracture properties has been
studied. It has been concluded that for temperatures below 400°C embrittlement is due only to
phosphorus segregation, but at higher temperatures additional embrittlement producing a drop in
upper shelf energy may occur due to carbide precipitation.

(b) Normalized and tempered (N+T) 9Cr1Mo steel

Mechanical tests in this area are applicable to the steel in thin sections, i.e. for both PFR
Replacement Tube Bundles and for CDFR.

Rapid cycling fatigue crack growth tests have been completed at 350°C and 525°C on this
steel in a variety of metallurgical conditions. The results obtained demonstrate that the cyclic growth
rate is insensitive to the metallurgical conditions and further that the rates are close to those published
for annealed 2%Cr1Mo steel.

Strain controlled fatigue and creep/fatigue tests have continued to build up the data base
for different casts of steel at 525°C. Results recently obtained are consistent with previous fin-
dings of the negligible influence of tensile hold period on the endurance. For design purposes it is
important to demonstrate that this situation also applies under conditions more relevant to design,
i.e. at lower strain ranges and longer times.

Recent studies at AERE have shown that thermal ageing at 500/550°C can produce a mark-
ed degradation in the impact properties. Metallurgical investigations have shown that this change
in properties is associated with both the grain boundary segregation of solute atoms (P, Sn, Sb,
S. Cu) and microstructural changes. Future work is aimed at evaluating the significance of these
findings to structural integrity.

(c) Quenched and tempered (Q + T) 9Cr1Mo steel

The objectives of the proposed mechanical properties work in the planned thick section
9Cr1 Mo steel development programme are to demonstrate that adequate mechanical properties car-
be obtained throughout thick section tubeplate forgings, thick plate and heavy section weldmems,
and to assess the effect of subsequent fabricational heat treatment. It is expected that by the end
of 1984 various short term tests (tensile, stress rupture, stress relaxation, Charpy impact and Pellini
drop weight tests) will have been completed. A start will also be made on fatigue and fracture
toughness tests. One of the key items is that of creep/fat;jue; although some short term tests may
be possible in 1984 long term tests more relevant to design will also be necessary.

7.2.3 Effect of sodium on mechanical properties

Creep rupture tests in the sodium facilities al MEL and RNL have shown no deleterious ef-
fects of sodium on solution treated type 316 steel and normalized and tempered 9Cr1 Mo steel when
tested at 625°C and 525°C respectively. The elongation to rupture of the type 316 steel was slightly
greater in sodium and this was related to a lower incidence of surface grain boundary cracking in
sodium compared with the in-air specimens. The test programmo is continuing on specimens in
metallurgical conditions thought more likely to interact with sodium.

7.3 Waterside corrosion

The current programme on the RNL model boiler test-loop is focussed on the adverse effects
of sulphate hideout, and uses a 2'/4Cr1Mo(Nb) test section, two-thirds scale of a PFR boiler tube,
operating with a peak heat flux of 1000 kW/m'. Ammonium sulphate is added to generate a higher
concentration of acid sulphate to accelerate corrosion, and impurities are deliberately injected to
simulate feed heater corrosion products. Salt release tests have been performed intermittently
throughout the experimental programme. Only when sufficient fouling of the boiler from magnetite
and other iron oxides had taken place, did any concentration of salts occur on the surface, even
at the peak heat flux of 1000 kW/m1. Under fouled surface conditions, sulphate hideout reached
10 g/m2.

Waterside corrosion studies of 9Cr1Mo tubing are being conducted in the AERE mild steel
loop under realistic conditions at high heat flux. The current test is examining the behaviour of a
tube containing spark eroded defects under acid sulphate/chloride fault water chemistry conditions
at a heat flux of 860 kW/m1. 2200 hours of a 4000 hour test h.ive been completed.

Using data obtained in the loop over the past ten years it has been possible to derive a rela-
tionship between heat flux and magnetite deposition. The percentage increase in magnetite deposited
from soluble iron is found to be proportional to (heat flux)4' under sub-cooled and low steam quality
boiling conditions.

In the AERE miniature boiler loop, further studies have been made of the build-up of "Na ac-
tivity at the dry-out zone of a 9Cr1 Mo test section at pressures of 120, 140 and 180 bar (correspon-
ding to CDFR at 30, 50 and 100% power output respectively). The behaviour of various impurities
(sodium chloride, sodium hydroxide, sodium sulphate, sodium bisulphate) was examined. Apart from
sodium hydroxide (at all pressures) and sodium chloride (at 180 bar) build-up of "Na activity was
observed at the dry-out zone, the amount of build-up being greatest at the lowest pressure. The
results show that operating a once-through boiler at reduced pressures greatly increases the build-
up of concentrated solutions at the dry-out zone, and hence the potential corrosion rate.

7.4 Absorber materials

7.4.7 Laboratory programme

The anticipated failure mode of an LMFBR control rod pin is an axial crack in the cladding
over the length of boron carbide pellet stack where the pellet-clad interaction raises the stress to
failure. The loss of boron carbide from a pin in such conditions is being studied using simulated fail-
ed pins in the MCTR at Risley and also in capsules in PFR clusters through which a limited sodium
flow is possible. Two experiments have been completed in the MCTR for two periods of three months,
using pellets which have been partly degraded to simulate the observed effects of irradiation. The
results show that the loss of boron carbide is slow except when the pellet has been reduced to



granules comparable in dimension with the width of the crack in the cladding Examination of the
pellets exposed in capsules in an experiment in the PFR showed that although significant (about
8%) losses of boron carbide to the sodium occurred in 136 efpd (about 500 days real time) the
results were consistent with the out-of-reactor studies. The capsules were also the first in which
the copper diffusion barrier between pellet and clad had been omitted. No penetration of the clad
by boron was seen although this may be due to the relatively low exposure temperatures for much
of the 136 efpd exposure.

Measurements of the thermal conductivity of boron carbide as a function of burn-up have
been extended to 43 x 10" absorptions/cm1 and to a peak measurement temperature of 1000°C.
The results show, as predicted, a continuous fall in thermal conductivity with burn-up in good agree-
ment with the values employed in the BORCON code.

7.4.2 PFR studies

Post-irradiation of a Mk II control rod is essentially complete, with the measurements of pellet
swelling and clad strain at ambient temperature being in good agreement with predictions from
BORCON once an appropriate correction is made for the flux depression in the rod.

The use of the Mk I tantalum control rods up until 1983 in the PFR led to some further ex-
amination of the mini-rod experiment 13/01 which was exposed for 136 efpd. It was shown that,
as found in DFR experiments, the tantalum contracts at s rate compatible with the transmutation
of tantalum to tungsten.

7.5 Tribology

In studies of the properties of a selection of hard facing materials applied by various coating
techniques, thermal cycling tests between 600° and 400° C has been to 500 cycles. Metallographic
examination has shown no evidence of cracking or disintegration of the coatings, although struc-
tural changes have been observed in some cases. The chosen materials include chromium carbide
and the alloy Tnbaloy 700. Nickel aluminide is also being considered for use in cases where a hard
facing is required on a limited area of a large component and where the use of a split ring insert
of alumimzed Inconel 718 is inappropriate. Associated with this programme, there has been ex-
ploratory work on the development of a simple way of comparing the brittleness of hard coatings
by the acoustic detection of cracking in slow bend tests using 5 mm square section bars as specimens.
There is a progressive increase in the number of acoustic events with strain and a considerable in-
crease with strains about 0 - 1 % , well below the onset of visible cracking.
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8. CHEMICAL ENGINEERING/SODIUM TECHNOLOGY

8.1 Corrosion, mass and activity transfer and deposition

8.1.1 Materials behaviour in sodium

Studies at RNL of the corrosion behaviour of the PFR replacement tube bundle grid assembly material
(aluminized Inconel 718 heat treated in inert gas) under 'normal' operating conditions have been
completed. Corrosion losses are acceptably low. Some of the samples are now being subjected to
sodium containing high levels of oxygen (around 35 ppm) and relatively high levels of carbon (ac

= 0-1) to determine any effects of these contaminants on the aluminized coating.

8.1.2 Radionuclide transport

The RNL Small Active Loop has been used to investigate the deposition behaviour of ''Mn
and "Fe in a loop of simple geometry. These studies revealed that the deposition pattern for both
species was the same as in earlier tests. Preferential deposition of !'Fe occurred at the inlet to the
deposition tube and "Mn tended to deposit at the coolest point in the main loop and cold trap No
panicles were retained by filters and small bore conduits in the loop, .ilthough when nickel conduits
were inserted in this part of the loop, high levels of HMn plated out onto the nickel surface, impl ̂ ing
that corrosion products are either soluble or are molecular size particles which are behaving like
soluble species in the liquid sodium.

A major corrosion/deposition run on the Harwell Active Mass Transfer Loop has been com-
pleted. Stainless steel corrosion rates agreed well with the Thorley-Sumbler predictive equation.
Cobalt deposited readily even on hot corroding surfaces, whereas manganese deposited preferen-
tially on colder surfaces, 80-90% of it being retained in the cold trap (cf only 7% for cobalt), in
good agreement with the Polley and Skyrme theory (CEGB-BNL). The results of these investiga-
tions imply that in the PFR-IHX, '"Co and "Co will deposit mainly at the hot inlet end, whereas "Mn
will be mainly at the cold outlet end The loop has been reconstructed to study mass transfer and
deposition of zinc in flowing sodium.

A gamma scan was carried out in the PFR vault during the shutdown at the end of 1983.
Difficulties were experienced with the previously used fixed geometry detector and it was necessary
to use a portable detector with collimation. Thus there were differences in the absolute levels of
species detected from earlier measurements, making comparison impossible Results from this scan
will be compared with those from future scans using the same portable detector.

8.1.3 Metal solubilities in sodium

Work at AERE to determine nickel, manganese and cobalt solubilities in sodium has continued
with particular attention to cobalt. Measurements of nickel and chromium solubilities are less well
established than those of cobalt, are widely scattered and show no temperature dependence.
However, the sodium used in the chromium solubility studies contained levels of oxygen (around
12 ppm) sufficiently high for sodium chromite formation. Future work will use sodium with lower
levels of oxygen.

8.2 Sodium impurity monitoring

8.2.7 Oxygen meters

A few minor changes have been made in the production route of Mk IIA oxygen sensors at
AERE to improve fabrication and inspection procedures. Meters on test in the Oxygen Me'er Rig
(OMR) continue to show good endurance and performance, and for calibrated meters, for oxygen
levels of 3 to 50 ppm, the error is ± 10%. Testing has also continued at RNL. One cell has been
in sodium for 87 days and has been checked against five oxygen levels measured by distillation
analysis with excellent agreement; all the results have been very close to the theoretical curve.

Work on the development and testing of the Mk III sensors (short ceramic tube bonded to
metal) has continued at AERE. Fabrication and inspection techniques are now being optimized, par-
ticularly the machining of the matching tapers on the ceramic and metal. Currently, two Mk III sen-
sors are still operating successfully on the OMR after more than 365 days exposure to sodium, other
meters have survived for over 200 days without failure in laboratory tests. The electrochemical per-
formance of the Mk III meters is very similar to that of the Mk IIA when they are tested side-by-side
in the same loop.



DA At DNE, three Mk III brazed oxygen meters, supplied and calibrated by AERE, have been in-
stalled in the PFR primary circuit oxygen meter rig. It was lowered into the primary vessel at the
beginning of January 1984. The Mk MA meter on the Secondary Cold Trap Loop failed early in
December after 14500 h of operation, while the loop was being commissioned. Its performance
had been exceptionally good. A new meter has been installed.

8.2.2 Carbon meters

The Harwell Carbon Meter is generally performing well and is being sold overseas. A new
microprocessor controller is being developed for the meters, which will replace the INTEL units us-
ed in the present automatic instruments and enable programming to be performed at AERE.

8.2.3 Oxygen/hydrogen meter development

The CEGB-BNL air reference oxygen meter located on the Sodium Technology Loop at RNL
failed after 8700 h as a result of a small crack in the ceramic electrolyte tube. Some problems have
also been encountered with the hydrogen meter output after 15600 h. Both cells have been remov-
ed from the rig for repair/replacement. Combined oxygen/hydrogen meter modules have been fitted
to the 3 • 51 Mechanical Components Test Rig and to the 171 High Temperature Sodium Loop at RNL.

8.3 Sodium chemistry and technology

8.3.7 Impurity control

In the CEGB-MEL/GEC collaborative studies a replacement cold trap and a larger hydrogen
injector have been installed on the loop at GEC, Whetstone, to permit studies of trap performance
at Irgher loadings, and to reduce the total time required for each experiment. The discharged cold
trap which had been filled with impurities under controlled conditions has been dismantled at MEL.
The distribution of the deposited sodium hydride on the meshes followed the preferred flow pat-
terns, as previously identified in a full-scale transparent water model of the trap.

8.3.2 PFR cold trap loops

Measurements of the hydrogen content of the PFR primary circuit sodium using the Harwell
Carbon Meter (HCM) on the cold trap loop gave 0-2 to 0-3 ppm, corresponding to saturation
temperatures of 150°-160c>C. in good agreement with the bottom basket temperature of the trap
(160°C), and measured plugging temperatures of 155°-170°C. Carbon activity, as measured by
the HCM, fell from 1O ! to 5 x 1 0 J during the last run in 1983.

The secondary circuit cold trap loop operated well throughout the year. Circuit oxygen and
hydrogen levels have been maintained at less than 10 and 0-30 to 0- 55 ppm respectively. Trapp-
ing efficiencies for hydrogen have been in the range 80-100%, and for oxygen 60-85%.

8.3.3 DFR decommissioning

Most of the NaK-wetted plant and pipework outside the primary circuit and its containment
sphere has been cleaned, dismantled and dispatched for disposal as low active waste. The six
underground primary dump tanks comprise most of the remaining items and these must be retained
until disposal of the primary circuit NaK. Two 50 kg pilot batches of NaK have been successfully
processed in the shielded disposal plant. Radiological and other data obtained during the operation
are being assessed. All twenty-four primary induction pumps were finally shut down in September
and their control gear has been decommissioned. Primary NaK temperature is being maintained by
vault space heating during the disposal operations.

8.3.4 Carbon in sodium and carburization

Studies at CEGB-BNL to monitor the carburizing potential of sodium-oil reaction products as
a function of time have continued throughout the year. So far no change in potential over 250 days
at 55O°C has been found, antl the carburization rate of stainless steels by reaction products is un-
changed over that period. Attempts to interpret the observed diflerences in surface carburization
rates resulting from oil ingress into sodium and from sodium saturated with carbon (unit activity)
are continuing.

Tests have been initiated at RNL to establish whether constant carbon activity situations can
be maintained in flowing sodium environments, so that carbon take-up by stainless steels can be
evaluated over the long term, and also to provide guidance on methods for measuring the behaviour
of oil leaked into sodium. Initial results suggest that transitory high carbon excursions (monitored
by a Harwell Carbon Meter) do not provide constant high carbon concentrations in sodium for very
long periods, due to the gettering action of the surrounding stainless steel pipework.

8.3.5 PFR secondary circuit sodium sampling

A programme of sodium sampling using the Secondary Cold Trap Loop (SCTL) sampler has
been carried out primarily to determine the level of zinc in the sodium. Analyses showed a zinc con-
centration of 3-1 ppm, with a standard deviation of 1 ppm.

8.4 Sodium leaks, fires and aerosols

8.4.1 Extinguishants for fires

At DNE the existing sodium chloride system has always proved costly owing to corrosion
and has given problems of material flow (salt is hygroscopic and cakes) Consequently, other sodium
fire extinguishar.ts have been surveyed and Graphex CK23, manufactured by the French CECA Com-
pany, identified as the most promising currently available.

Following a test at DNE involving a large area (5 m x 5 ml, high temperature, pool fire and
some associated small scale (1 m1) tests, Graphex CK23 is being adopted as a sodium fire ex-
tinguishant at DNE and RNL.

At BNL, small scale sodium spray fire tests have been carried out in air to investigate the
validity of spray fire models. Only part of the spray burned as discrete drops and consequently devia-
tions from currently available models were recorded. Combustion approached 100% at 2 m from
the nebuliser.

8.4.2 Sodium fire aerosols

Calibration and assessment of sodium fire aerosol analysis and sampling equipment for use
in fast reactor safety evaluations has continued at AEEW throughout 1983. In particular, results
obtained by the AEEW team in the CEC sponsored Sodium Fire Aerosol Intercomparison Experiment
(at the FAUNA facility, KfK, Karlsruhe, during October 1982) ha/e been assessed and reported to
the German group who are preparing tne final report (expected early 1984). In general, AEEW results
on particle size and distribution fit in well with the overall consensus view emerging from these tests.

AEEW staff also participated in the two sodium fire exercise-, held at DNE during 1983. Various
types of equipment were used to sample aerosols from the fires, one a (5 m x 5 m) pool fire in the
open air (see previous section), the other a 1 m* pool fire in the sodium laboratory burn chamber.
With the 25 m2 fire, the particle size distribution was similar to that obtained earlier with smaller
fires « 1 mJ area). The 1 m2 pool fire was also used to carry out further efficiency tests on the
'nstalled Peabody-Holmes scrubber unit. An efficiency of 98 • 8% was obtained, in good agreement
with earlier figures for small fires.



8.4.3 PFR aerosol filter from gas blanket clean-up plant

Sodium has been removed from the aerosol filter unit which was replaced during the last shut-
down. This was done using a steam nitrogen mixture with adequate provision for gas venting and
condensate drainage. The total quantity of sodium removed was around 12 kg, with a (/? + y) ac-
tivity of 0-44 Ci (main contributors were '"Cs, 0-44 Ci; "Co. 0-1 mCi; "Zn, 0-05 mCi); in addi-
tion, 0-9 Ci of tritium were present. After cleaning, the general level of contamination was a few
cps above background, with a small area giving 20 mR/h.

8.5 Sodium vapour, heat and mass transfer

Experimental work to obtain data for use in models of heat and mass transfer in CDFR roof
penetrations has continued throughout the year at AERE using air/water analogue systems. Good
progress has been made and a universal model for free convection in adaptor tubes, semi-enclosed
annuli and gaps in the above-sodium environment is now much nearer. The model has been used
to study the likely build-up of frost in plate insulation in the sodium/argon system after 30 years
reactor operation. It is anticipated that actual measurements of heat and mass transfer in convec-
ting sodium/argon systems will begin early in 1984. These will provide the link between theory and
data from air/water systems, and the corresponding sodium/argon systems.

At Manchester University, equipment to measure the emittance of sodium, dry sodium con-
taminated surfaces and dry stainless steel surfaces relevant to various parts of the reactor has been
constructed. Towards the end of the year the loop to be used in the sodium emittance measurements
was operated continuously at high temperatures (up to 670°C).

8.6 Water circuits

At PFR, apart from some minor difficulties with the condensate polishing plant due to blockage
of spray nozzles by broken beads in the regeneration vessel, the performance of the water treat-
ment plants has been satisfactory. Water quality has continued to improve. Typical feed water im-
purity levels during the last run were sodium 0-5-1-0 ppb; chloride and sulphate < 1 ppm; iron
and copper < 1 ppb.

Difficulties were encountered during the year in using the standard EDTA - Citric Acid solu-
tion to clean tubes chemically in an evaporator. Preliminary tests on single tubes indicated that the
solution, used with apparent success on several previous occasions, caused severe local attack in
regions where the oxide was thick and cracked (or had holes) down to bare metal at the start of
the chemical clean. Laboratory investigations have been started to assess the effectiveness of in-
hibitors in reducing the attack on the metal. Alternative chemical cleaning solutions are being in-
vestigated; Low Oxidation Metal Ion (LOMI), developed by CEGB-BNL principally to clean PWR primary
circuit pipework, is being studied by RNL. DNE have recently started work on a second alternative
reagent, viz. inhibited dilute hydrofluoric acid, widely used on the continent on conventional plant.

9. CORE MATERIALS AND FUELS DEVELOPMENT

9.1 PFR experience

9. 1. 1 Burn-up achievements and targets

Operation of PFR ct one third power during 1983, and the termination of Run 7 after 63
equivalent full power days (efpd) instead of the 90 efpd planned initially, has slowed the accumula-
tion of irradiation data, with the result that targets which were expected to be reached by the end
of the year were not achieved. The highest burn-up and dose levels attained to date by pins clad
in various alloys and by wrapper material types are given in Table 1.

TABLE 1

Highest burn-up and dose levels attained to date in the PFR
(c.w. = cold worked; ST&A = solution treated and annealed)

Material

C.W.M316 clad pins

ST&A PE16

c W.FV548

c.w.En58 wrappers

ST&A PE16 wrappers

C.W.M316 clad blanket p'ns

Sub-assemblies

BU% dpa INRT)

9-4

7-3

7-1

-

-

1-1

68

48

52

57

65

22

BU%

10-9
10-5

4 - 5

10-1

-

-

_

Clusters

dpa (NRT)

40
54

22

32

-

-

_

(lead pins)
(standard pins)

(lead pins)

These data must be compared with target burn-ups and damage dose levels of 10% and about
75 dpa NRT for PFR fuel, 15% and about 130 dpa for CDFR fuel.

The achievement of near target burn-ups and dose levels in PFR driver charge sub-assemblies
without the appearance of a single pin failure is encouraging and the higher burn-ups reached by
standard pin designs in experimental vehicles is also a cause for satisfaction. The fact that the pins
have not experienced sustained exposure at the maximum temperature, flux or fuel rating specified
for such pins, however, much reduces the value of high burn-up in the context of endorsing a 10%
burn-up target for PFR or CFR. This does not imply that the information obtained to djte are irrele-
vant to fuel development. Future reactors also will operate at reduced power and under power cycl-
ing conditions for planned or unforeseen reasons, and data on performance characteristics in the
operating mode are as important as data under steady-state conditions.

Sub-assemblies remaining in the reactor during Run 8 will, after a projected run of 90 efpd,
substantially raise existing burn-up and dose maxima. Thus C.W.M316 and PE16 clad pins will be
taken to 10-7% burn-up and 9-2% burn-up respectively and the damage dose in c.w. M316 clad
and PE16 wrappers will reach about 80 dpa (NRT). When the reactor operates at full power for a
significant period, the behaviour of the fuel will be extremely relevant to CDFR and PFR fuel en-
dorsement. Not only will the cladding of high burn-up pins be abnormally stressed during the rise
to full power, as a result of prolonged prior exposure at low power levels, but the co-existence of
high internal fission gas pressure and high clad temperature should constitute a searching test of
the validity of currently recommended creep rules.

9.1.2 Post-irradiation examination data

Post-irradiation examination effort has been concentrated, as in previous years, primarily on
measurements required to guide operational planning decisions. In consequence, wrapper axial
growth, bow and dilation, and pin length changes, which currently limit sub-assembly life have been
defined more accurately in terms of neutron dose and temperature.

The results obtained have been generally consistent with those reported earlier and careful
evaluation of dimensional change data in conjunction with density change data has allowed substan-
tial rationalisation of the observations. Thus the low values of length change and bow seen in
c.w.En58B components correlate well with the finding of lower-than-predicted void swelling. The
current swelling rule for c.w.En58B is being modified in consequence.



Wrapper dilation measurements proved to be in reasonable agreement with predictions, based
on mean irradiation creep and 'Best Estimate' swelling rules, for both c.w.En58B and PE16 wrap-
pers. An unpredicted feature of the measurements was the observation of localised bulges, max-
imum height 0-25 mm at 50-60 dpa (NRT), in the wrapper profile at points corresponding with
honeycomb grid positions. Differential swelling of the solution treated M316 grids and the wrap-
pers is the likely cause of the bulging. Its appearance introduces the possibility of pin overheating
due to contact or close proximity to the wrapper, as the wrapper is progressively indented by the
grid. In consequence, the phenomena must be regarded as potentially life-limiting and design solu-
tions are being sought.

Fission gas release results from PFR fuel pins indicate a trend towards increasing gas release
with increasing burn-up and imply that, at design fuel ratings, maximum release fractions of 70%
to 80% theoretical must be expected in annular pellet fuel pins of reference design. Somewhat higher
release fractions are likely in larger diameter pins proposed for advanced fuel designs.

9.2 Modelling fuel performance

Two codes. FRUMP and TRAFIC, have been developed to model pin and fuel behaviour. The
older code, FRUMP, has been applied successfully to a range of problems and is the only code capable
of modelling vibro fuel behaviour. The original impetus for the construction of TRAFIC was to cir-
cumvent difficulties in the use of FRUMP in certain transient conditions, but it has been the inten-
tion for some time to replace FRUMP by TRAFIC. The latter code has been used to analyse the
behaviour of pins from PFR and PHENIX prior to testing in TREAT and CABRI respectively. The results
have been encouraging, the fuel structures and fission gas releases predicted agreeing well with
experimental findings (see Section 10.2.3).

The comparisons between theory and observation have provided information enabling im-
proved representation of physical processes in TRAFIC. It is necessary also to modify both codes
to permit the use of standard swelling and irradiation creep rules. When these tasks are completed,
it is hoped that TRAFIC can be validated against PFR, DFR and overseas data. The endorsed version
should be available for design applications late in 1984.

9.3 PFR fuel development

Development of the PFR driver charge continues, centred on the 325-pin sub-assembly. The
most advanced version in production is the 0142 sub-assembly which is designed to reach 10%
burn-up. It incorporates a bottom anchor grid and fourteen support grids. Endurance tests have shown
that disengagement of the pins from the press fit in the anchor grid is unlikely at PFR coolant flow
conditions. A version of this design but with fewer grids on an optimum pitch, the 0143, has reduc-
ed flow resistance with a 10% burn-up capability. A maximum burn-up capability design, the 0149,
with 14 honeycomb grids, an anchor grid and limiting plenum length, has been designed and manufac-
ture started. It is planned to load two sub-assemblies to this design at Reload 9.

9.4 CDFR fuel development

The central target of the CDFR fuel development programme is a minimum cost, consistently
reliable fuel design. This objective is seen to be the culmination of an evolutionary process initiated
in DFR but progressing principally in PFR. In consequence, the sub-assembly design for PFR was
sized for the larger reactor and there has been a continuing intention to fuel as large a part of the
core as practicable with fuel designs as near to the CDFR version as could be achieved The reference
fuel, clad, wrapper material and pin diameter specified for early charges of CDFR are those employed
in the PFR driver charge, so that the largest scale endorsement possible will be given to components

used in the commercial plant. It follows that realisation of development potential inherent in PFR
driver charge designs will benefit CDFR technology, and vice versa, and that development work
in support of either reactor will be generally applicable to the other.

Within the strategy outlined of fuelling PFR with reliable fuel of high relevanc« to CDFR, a
number of decisions must be taken concerning the degree of optimization which should be sought
in the CDFR fuel element design. The most important decisions relate to the choice of overall design
parameters, design optimization detail and materials selection, bearing in mind that CDFR sub-
assemblies will operate in a restrained core rather than in a free standing mode. The factors influen-
cing these choices, and progress in the endorsement of tho restrained core design, may be sum-
marised as follows.

Studies of the sensitivity of generating costs to fuel design and operating parameters in various
countries have led to unanimous conclusions viz:

(i) The over-riding fuel performance variable is burn-up, and a target burn-up exceeding
15% should be the aim.

In) Modest but worthwhile gains can be achieved from larger pin diameter and higher fuel
smear density provided these variables can be incorporated without sacrifice of burn-
up limit or reliability.

Broadly it appears that increases in pin linear rating, which tend to accompany increase in
pin diameter, and in smear density are likely to result in less reliable fuel through enhanced clad
strain and internal corrosion. For this reason, the reference pin rating in UK and overseas commer-
cial reactors lies between 400 and 450 W/cm, although pin diameters range between 5.8 mm (CDFRI
and 8.65 mm (SPX); fuel smear densities normally lie between 80% and 85% TD. The maximum
clad temperature specified must be a compromise between the aims of maximu'm power generation
efficiency and guaranteed attainment of goal burn-up without failure and will be strongly influenced
by the clad material selected. A nominal hot spot temperature of 670°C has been specified for CDFR,
which is near the middle of the range covered by choices for other plants, and is associated with
an inlet temperature of 370°C.

PFR irradiation programmes in support of fuel development have, from first inception, includ-
ed designs which would either demonstrate an escape route in the event of inadequacies in the
reference design, or enable development potential to be exploited. These variants included:

Annular pellet and vibro fuel, 80% TD
Fuel smear density, annular and solid pellets
Larger diameter pins, gridded and wire-wrapped
Alternative clad and wrapper materials
Thicker and thinner cladding
Carbide fuel

The rate of progress in testing these design features has been governed by re.ictor load fac-
tor and the only variable which has so far been brought to a definitive conclusion is the choice of
fuel geometry. UK evidence, both theoretical and experimental, confirm the choice of annular pellet
fuel as the reference CDFR fuel form.

The general policy has been adopted of investigating clad or fuel variables in a 'high burn-up
pin design. This is a standard driver charge pin design modified by extending the plenum length to
the maximum which can be accommodated in the sub-assembly, the aim being to reduce fission
gas pressure to levels more consistent with those in 15% burn-up pin designs.



9.5 Clad and wrapper materials

Where possible, materials are selected and developed with both cladding and wrapper ap-
plications in mind but development effort (other than fabrication effort) tends to be concentrated
on problems pertaining to the clad. This emphasis does not result from complacency about the cur-
rent state of wrapper material data. It is recognised that the swelling, irradiation creep and fracture
toughness of wrapper and guide tubes are matters of crucial concern in a restrained core, and
that a material of satisfactory characteristics has not yet been endorsed by irradiation under realistic
conditions. It is believed, however, that the sub-assembly wrapper and materials programme pro-
ceeding or planned, which include c.w.En58B, ST&A PE16, c.W.FV548, c.w. 12R72, c.w.PEI 6 and
ferritic alloys, are capable of producing the macro and micro-scale information necessary to resolve
wrapper specification problems, provided the appropriate level of PIE and analytical effort is made
available. Improvements in these alloys for cladding applications could, if appropriate, be incorporated
in wrapper material specifications also.

The outstanding differences between the requirements for wrapper and clad materials con-
cern the more rigorous criteria for resistance to high temperature creep, internal and external corro-
sion, which are imposed on the latter. Coolant compatibility considerations do not appear to be critical
among the candidate clad alloys under study. Internal corrosion, because of

(i) its effect upon clad strength through wastage and

(ii) the implications of 'fuel adjacency effects' which are reported to have caused cracking
below yield stress in US, but not UK, M316 pin clad specimens subjected to temperature
transients and are reported to be more pronounced in high nickel alloys,

must be kept under review but have so far given no cause for undue concern.

On both creep strength and swelling resistance criteria, PET6 clad pins appear to be more
capable than c.w.M316 clad pins of achieving 15% burn-up. Questions arise, however, concerning
its rupture ductility and fracture toughness. If the material is apt to crack at low strain, failure at
low burn-up could occur, e.g. during a power transient. If the initial crack propagates rapidly along
the pin, immediate removal from the reactor might be necessary, which would be detrimental to
reactor load factor. Both these questions should be answered in the relatively near term as a result
of pin irradiations in progress and on-going fracture toughness studies. In the latter area, V-notched
specimens machined from a PFR guide tube irradiated to 52 dpa at about 390°C were tested at
room temperature and in the range 300°C to 500°C. Fracture energies were low, though judged
to be adequate for reactor service purposes. Features exposed by scanning electron microscopy
suggest that the fractures are a consequence of 'channelling' caused by the presence of voids. If
this is so, PE16 with high swelling resistance, e.g. c.w. PE16, or ST&A PE16 irradiated at higher
temperatures, may not exhibit low energy fracture. Wrapper samples irradiated at temperatures above
390°C will be used to test this hypothesis.

On the pessimistic view that ST&A PE16 should also prove unsatisfactory for high burn-up
pin clad applications, the UK alloy development programme includes a number of candidate dads
stronger than c.w.M316. These are:

(i) P316, orc.w.M316Ti - both of which are titar.ium-stabilised versions of M316
comparable to the US alloy D9.

(ii) c.w. HL548

(iii) 20/25/TiN
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— a compositionally modified version of FV548 of higher
microstructural stability.

— a dispersion hardened alloy developed for CAGR.

These alloys are listed in order of data base size and it is acknowledged that the later alloys,
in particular, require substantial fabrication development and lengthy irradiation performance studies
before one or more could be endorsed for large scale reactor use.

Preliminary creep data on c.w.HL548 and 20/25/TiN, both of which are reputed to be low
swelling, imply high temperature creep strength, comparable to that of ST&A PE16. In both cases,
the secondary creep rate remained effectively constant throughout the period of test (8000-9000 h).
The post-irradiation ductility and fracture toughness of these alloys is less in doubt than that of
ST&A PE16, but high dose tube or pin irradiations are necessary to confirm that the';e properties
are adequate.

9.6 Endorsement of the CFR restrained core design

Experimental endorsement of the restrained core design has moved on with th« completion
of the design and start of manufacture of the under-sodium test assembly for endur.mce trials of
the sub-assembly support tube hard facings. Experiments in the sodium components test rig have
been carried out on the reference hard facing for the spacer pads, chromium carbide, to determine
the effect of exposure for 60 days at 600°C and 540°C on the coefficient of friction at room
temperature. Design of the test assemblies for under-sodium adhesion and loading tests of the wrap-
per and wrapper pads is well under way. Recent completion of the detailed drawings of the reference
sub-assembly, its support tube and gags, will enable single CDFR sub-assembly support tube vibra-
tion tests, flow visualization and pressure drop tests to get underway with specification of the
modifications required to the RNL flow rigs.

The SNL rig, Chardis I, has continued its programme of loading investigations on a 19-sub-
assembly array under asymmetric loading conditions. Several new features of rig and core behaviour
have been revealed resulting in the view that effects such as pad length, variable porosity, size of
array as well as friction could be important in the generation and pattern of pad loads Rig
charge/discharge operations sometimes caused jumps in sub-assembly configuration with quite large
changes in measured pad loads.

10. SAFETY

10.1 Highlights

Overseas collaboration is a very important factor in the developing programme on LMFBR
safety in the UK. In May 1983, in Paris, a multinational meeting on Safety Criteria was held, useful
agreement being achieved on some major issues. Discussions were held in 83/84 with French and
German specialists on topics connected with si>b-assembly accidents. Other contacts during the
year have been with the US and Japan and other IAEA member countries.

Both the fuel element safety test programmes, PFR/TREAT in the USA and CABRI in France
have progressed well and reports have been issued indicating the preliminary finding", from the ex-
periments. As a result of this work not only have the codes used to describe and forecast the way
fuel fails been increased in both scope and accuracy, but confidence in the accuracy of the predic-
tions of these codes has been greatly improved (Section 10.2).

During the year a further important step in collaboration with France was token with the
signature of the SCARABEE N Agreement (Section 10.2.4).

The Molten Fuel Test Facility IMFTF) at Winfrith is presently being used for a series of ex-
periments using thermitt and water directly related to PWR safety but also giving very useful infor-
mation on the basic phenomena involved. Recent tests have shown that increasing the size of the



thermite charges by a factor of about 50 to 25 kg has not affected the efficiency of the interaction
which remains low; but in some tests, where the pressure of the cover gas was increased, the pro-
portion of the material participating has somewhat unexpectedly increased by a factor of about ten,
similarly increasing the overall yield. Unless it can be shown that thermite and sodium do not behave
in the same way, it may not be possible to reduce the present yields assessed for MFCIs in fast
reactor sub-assemblies, and this particular approach for the simplification of the sub-assembly safety
case may not be useful (Section 10.5).

Despite some reduction in resources devoted to safety, good progress has been made in 83/84
in many other areas, as described below.

10.2 Fuel failure studies

70.2.7 The PFR/TREATprogramme

Twelve tests have now been completed in the PFR/TREAT collaboration programme and one
further experiment is planned before the TREAT reactor is shut down in 1984 for a one-year period
to upgrade its performance. Recent experiments have concentrated on representation of the reac-
tor fault in which the main coolant circulation pumps stop and reactor protection fails, to give Tran-
sient Undercooling followed by OverPower (TUCOP). A series of experiments in the past year has
investigated irradiated fuel behaviour in these circumstances, varying the timing between initiation
of the undercooling and the overpower phases, to represent the range of conditions predicted in
sub-assemblies with different ratios of power/flow in a large reactor core.

70.2.2 The CABRI programme

In the CABRI programme four tests have been performed within the last year, three of which
were also of TUCOP style with the overpower pulse triggered at different stages in the process
of overheating and boiling following a reduction of coolant flowrate. The remaining test was a repeat
of a previous experiment but with the method of test pin location in the flow channel changed from
a grid-like support to an arrangement more closely simulating wire wrapping. Initial results from this
test indicate that the axial motion of molten clad and fuel following gross overheating in a Transient
Overpower (TOP) is much the same whether grid or wire wrap support is used. These recent ex-
periments raise the total of completed CABRI tests to eighteen, nearly two thirds of the planned
thirty tests.

10.2.3 Analysis of test results

At AEEW the NASLIP and PINEX-AR computer codes are in regular use for design and analysis
of tests in these ccl'aborative programmes. NASLIP predicts coolant boiling axial propagation, clad
dryout, and clad removal due to melting. PINEX-AR predicts fission gas release from irradiated fuel,
and clad failure time and position. Recent modelling developments have included improvements to
the clad dryout facility, the fuel/clad heat transfer coefficients, and the inclusion of automatic clad
removal on melting. Clad strain due to the contact between molten fuel and clad has also been in-
corporated. Both codes predict similar results for the axial and radial fuel temperature distributions.
The comparative analyses of the CABRI A2, A3 and A4 fast TOP tests on fresh fuel show excellent
agreement with experimental results for the clad failure time and position.

SIMMER is a very complex code, even though some of the assumptions that have to be made
in the modelling are very rudimentary. The use of the code in the UK has been severely limited by
resources. Nevertheless the SIMMER II code has been brought into use during the last year for the
analysis of post-failure events. Predictions for three CABRI tests have been produced and some
comparisons are being made with similar work done at Los Alamos.

At Harwell a review of the NEFIG and OGRES gas release and fuel swelling models concluded
that the existing code framework is entirely satisfactory. The AFM0T molten fuel motion model
has been extended to include a treatment of bubble coalescence in liquid fuel, which results in an
increased pressurization of the fuel, and ejection into the coolant channel following fuel pin clad
failure. Developments in the AFMOT model will be consolidated into the integrated fuel behaviour
code TRAFIC as they are completed.

The development of a mechanistic treatment of clad rupture has continued The model derived
has been successfully applied to the Fuel Cladding Transient Tests conducted on UK fuel pin clad-
ding at HEDL, as part of the PFR-TREAT programme. It is planned to incorporate the first version
of the CLAd RUpture (CLARU) model into TRAFIC in the near future.

Very good agreement has been found between the experimental data from PFR TREAT tests
and TRAFIC calculations up to the time of fuel ejection from the pins. The TRAFIC code has also
continued to be extremely useful in studies of the PHENIX and PFR pre-irradiations for the CABRI
project, and studies connected with the series of tests planned to start in 19B4 using high burn-up
fuel are under way.

10.2.4 The Scarabee-N programme

An agreement was signed in October 1983 for collaboration in the SCARABEE-N collabora-
tion programme operated by CEA. This new programme will examine further aspects of fast reactor
fuel behaviour in extreme accident conditions, concentrating on the situation in which overheating
occurs as a result of coolant flow reduction alone, without overpower. This new information will
be of particular relevance to safety analysis of the local faults in a large reactor core which can
be postulated to arise if the coolant flow in a single sub-assembly is obstructed or diverted.

Four UK staff, three from the UKAEA and one from CEGB, are now stationed at Cadarache
assisting CEA teams in the design, operation and analysis of these experiments.

10.3 Sodium boiling

70.3.7 Boiling codes and analysis

Effort on the development of the SABRE code has been primarily directed towards improving
the reliability of transient boiling calculations for studying accident conditions in rod bundle geometry.
Some work has also been done on modelling improvements, mainly to improve the representation
of features occurring in reactor or experimental situations. The work has been closely linked to the
analysis of the KNS out-of-reactor experiments on large bundles, and the analysis of loss-of-flow
experiments in the PFR-TREAT programme. Some investigations have been carried out into the
dependence of the formation of recirculation zones behind blockages on the relative strengths of
convective and buoyancy forces.

One and three-dimensional calculations of a PFR-TREAT flow rundown test have been made
but some time after boiling started they failed to converge. The one-dimensional calculations show-
ed the predicted flow rundown to be sensitive to the axial power profile and, for the profile used
in the TREAT test, the calculated flow rundown is much faster than observed. That the problem
is related to axial power profile shape is confirmed by the fact that good agreement with observed
flow decline is found using SABRE (and NASLIP also) if a uniform axial power is assumed.

Three-dimensional SABRE calculations appear to overestimate voidage and upward flows.
Analysis of KNS out-of-reactor experiments on 37-pin clusters using a three-dimensional model in
SABRE indicates that the calculations predict less radial and more axial development of the boiling
zone than in the experiments. From these studies a picture is beginning to appear which suggests
that some modelling improvements to SABRE are required, particularly concerning lateral vapour
transport between pins, and vapour condensation mechanisms.



10.3.2 Laser-Doppler studies

The Laser-Doppler rig at Harwell, which can provide data for rod-bundle flow analysis models
like SABRE, is now fully operational. In this rig a flow of trichloroethylene is pumped through a bun-
dle of pyrex rods simulating fast reactor fuel geometry. Laser light, shone through a window in the
flow passage wall and reflected from particles in the flow, is analysed to show the flow mean velocity
vectors and fluctuations. This information can then be interpreted to deduce coefficients for tur-
bulent heat and momentum diffusivity to be used in reactor fault analysis codes.

Initially the rig produced clouding of the trichloroethylene due to chemical reaction with some
of the copper-bearing fittings. The loop has now been rebuilt entirely in stainless steel and this pro-
blem has been eliminated. The loop is controlled to operate at a precisely defined temperature mak-
ing the refractive indices of the pyrex and trichloroethy/ene the same, so that the laser probe can
'see' into the heart of the pin bundle. This control now also works satisfactorily.

A first substantial study has been made of the velocity field around a blockage plate at right
angles to one wall of the test section and obstructing flow over about one third of an array of 11
x 11 pins. These data will be analysed to decide the best course for future experiments.

10.3.3 Low power sodium boiling experiment

The main features of the SOBOB experiment, which is designed to investigate dryout and
the stability of boiling at decay heat power levels, have now been agreed and the design is pro-
ceeding to schedule. Erection of the rig support structure at RNL is now completed. Commissioning
of this rig should take place in October 1985.

The development work at SNL Springfields on the heater pins and bundle is progressing
satisfactorily. Four heater pins have been manufactured and sent to AEEW for infra-red testing. A
contract was agreed to test six production pins in sodium on a CEA loop at Grenoble in February 1984.

Development work has also included the study of the mixed convection where the hot and
cold flows meet in the top plenum. Other developments are a brief study of the effect on grid pressure
drop of the instrumentation attached to the grids and calibration of the pressure transducers for
the environmental conditions likely in SOBOB.

10.4 Fault detection

10.4.1 Temperature noise studies at Risley

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.

Temperature measurements have continued in the Temperature Noise Rig. A complete set
of radial scans at different axial planes has been obtained for each of six different hot-water injection
channels. These scans have been analysed to provide profiles of mean, standard deviation, skewness
and kurtosis in radial and axial directions. The data will be used to check and improve the RNL and
CEGB BNL random flight Monte Car\o computer models.

Before they can be so used, however, data are required on the mean and turbulent velocity
components in the rig. In order to overcome difficulties previously encountered in obtaining such
data, a new probe calibration facil/ty has been constructed. This rotating water tank allows the calibra-
tion of the hot-film anemometer probes to be carried out to much greater accuracy.

Hitherto, no satisfactory analytical solution for temperature noise has appeared in the open
literature. Recent work in RNL has provided a solution in the first instance for a two-dimensional
problem. By manipulating the full transport equation for the instantaneous fluctuating temperature
the conditions for the validity of an eddy diffusivity approximation are elucidated. An extension of
the eddy diffusivity assumption leads to an expression for the variance of temperature noise in the
form of an integral involving the temperature gradient at the inlet boundary. A complete solution
is obtained for a representative input profile. The extension to three dimensions is in progress

10.4.2 Temperature noise studies at CEGB, Berkeley

The Monte Carlo code STATEN has been further developed to provide improved estimates
of the high order moments of temperature noise signals generated by local blockages within a fuel
sub-assembly. An initial analysis, using estimates of the axially varying turbulence fields in the outlet
region of a CDFR sub-assembly, has been performed to predict temperature distributions resulting
from a range of blockage sizes and positions. Cross sub-assembly temperature tilts, generated by
a core radial power distribution and cool edge channels have been shown to limit blockage detec-
tion (to about 6% of the flow area). The enhancement of turbulence by an orientation bar at the
outlet of the sub-assembly has been shown to be beneficial.

The simulated temperature signals derived from the CDFR analysis are being used to test dif-
ferent noise detection methods to derive a preferred core surveillance technique.

Comparisons of STATEN predictions of mean and r.m.s. temperatures, for a simple, pipe flow,
test problem, have been made against those of a new RNL eddy diffusivity model.

10.4.3 Acoustic detection of boiling

There have been no further experiments in the KNS3 programme at Karlsruhe but a series,
probably the final one, is due. Analysis of the results from the earlier KNS3 tests show that the
pressure signal, measured in the plenum above the test section when boiling is taking place near
the outlet, is significantly greater than the pressure signal above the core in PFR under full flow
conditions. This supports the belief that an acoustic trip on vapour'ejection for the sub-assembly
is practicable.

The data acquisition rig has operated on PFR during the year to record the background level
of acoustic noise, but problems with signals have occurred requiring attention at shutdowns. The
buffer amplifiers are at present being replaced.

The contract with Topexpress Ltd. on the development of array processing techniques finished
in April 1983. A number of methods have been proposed and are now being evaluated by experiments
in the large water tank. The most promising technique is called orthogonal beamforming, this com-
pares the current cross spectral density matrix of the transducer array with the stored background
values in a way which highlights tf ie emergence of a new acoustic source. This should be a valuable
diagnostic tool.

Details of the early work on transducer arrays have been sent to Japan (PNC) and in return
a tape of information recorded in MONJU has been received.

Participation in the IAEA co-ordinated research programme on signal processing techniques
(benchmark test) for sodium boiling has commenced.



10.4.4 Computer-based sub-assembly protection systems

Plans for installing the 128-channel demonstration sub-assembly temperature protection
system (ISAT) into PFR have been implemented and the equipment is shortly to commence opera-
tion in a passive role. This will enable its performance under operational conditions to be observed
and assessed. Prior to shipment to DNE, radio-frequency interference testing was carried out in the
AEEW control and instrumentation laboratories. Some minor deficiencies in the data acquisition
system were identified and corrected.

The results of the collaborative programme between NNC, AEA and CEGB to evaluate the
performance of the CDFR sub-assembly temperature monitoring system on the BNL No. 4 loop at
Berkeley have been reported. The implemented algorithms functioned correctly and the single bit
errors which resulted in spurious trips have been eliminated. An additional study has also been per-
formed to analyse the response of the coaxial thermocouples on a CDFR cluster in sodium flows
(Reynold's number up to 10').

10.4.5 Pulse-coded logic (PCL) trials

A fourteen-parameter demonstration system, having successfully completed a four-year run
in a passive role in the CEGB Oldbury nuclear power station, is now connected to the DIDO materials-
testing reactor at Harwell for further demonstration and testing. This exercise forms part of a col-
laborative programme between Harwell and AEEW concerned with modernization of the DIDO pro-
tection system. One of the aims is to improve the defences against common-mode failures by in-
troducing diverse logic systems (Relays and PCL). The programme is of considerable value to the
fast reactor, involving the design, development and independent assessment of a suitable interface
between the PCL output and the shut-off rod actuators. Also, the operational experience and reliability
data gained from the programme will give added confidence to the exploitation of PCL in future
fast reactors.

10.4.6 Alternative Shutdown System IASD) rod position indicator

An ultrasonic system to give a continuous indication of the position of the CDFR Alternative
Shutdown Rods is being developed. 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 and to
receive the ultrasonic signals reflected by a shaped target on the top of the ASD rod.

Five high temperature ultrasonic transducers have been purchased from CEN, Grenoble,
France. Two of these transducers have been operating satisfactorily in sodium at 550°C (the
manufacturer's maximum operating temperature) for six months. In the near future, the temperature
will be increased to 585°C (CDFR core outlet design temperature) to investigate their response at
this temperature.

Further measurements on the ultrasonic system in a full scale water rig at IRD Newcastle
upon Tyne have been carried out in the presence of cross flow from six simulated sub-assemblies.
These measurements were completely successful, the position of the rod being detected both in
its normal operating position and when the rod was in the 'down' position. Although the transducer
used was a low temperature PZT instrument, the echo signal when the rod was in the operating
position was some 30 to 100 times the background noise level and should be detectable using high
temperature transducers.

10.5 Energetic molten fuel-coolant interaction (MFCI) studies at Winfrith

10.5.1 Experiments using thermite generated molten UO2 in the
Molten Fuel Test Facility (MFTFI

Following the end of construction of the MFTF in March 1983, commissioning was successfully
completed on schedule in mid-July. The first series of experiments, which began in early August,
investigated the effect of scaling on the characteristics of core melt/water thermal interactions (steam
explosions). These experiments, which employ a pool geometry, were replicas of e,jrher w r k car-
ried out in the small scale Rig A using 0.5 kg melts, but with 25 kg charges the m.iss of fuel was
increased by a factor of 50.

Nine experiments were successfully completed in 1983 in which the parameters varied in-
cluded the subcoo'ing of the water and the initial rig pressure. Preliminary analysis of these results
has led to two conclusions. Firstly, if the mass of fuel involved in the interaction is identified as
the mass of finely fragmented fuel recovered after the experiment, then for a wide range of condi-
tions the efficiency of conversion of thermal to mechanical energy is in the range 2 to 5%. Within
this range there is a clear trend for higher efficiency to be associated with low subcoolmg. Both
the magnitude of the efficiency and the trend with subcooling were the same in data obtained from
MFTF and Rig A, despite the large difference in mass of molten fuel released. Secondly, in the MFTF,
increasing rig pressure in the range 0-1 to 1 '0 MPa resulted in an increase in the proportion of
molten fuel involved in a sing'e interaction for experiments in which the fuel was released into a
catchpot. This proportion increased to up to 75%, whereas in other MFTF experiments, and in Rig
A, the proportion was usually in the range 5 to 10%. Taken together with earlier data from Rig.
A, the results from MFTF indicate that the same energy conversion efficiency has been observed
in interactions involving masses of fuel ranging from 0-03 kg in Rig. A to 18 kg in (he MFTF, with
energy yields typically in the range 1 to 5 kj in Rig A and 50 to 900 k j in MFTF.

10.5.2 Forward programme for the Molten Fuel Test Facility (MFTF)

Planning of the experimental programmes in MFTF is based on the use of 25 kg thermite-
generated melts, simulating molten core material, and coolants of water or sod'um in a variety of
contact modes. There will be a particular emphasis on the use of realistic geometries and initial con-
dit.ons relevant to hypothetical accidents in the PWR or LMFBR.

Preparations are well advanced for the second series of experiments which will investigate
melt/water mixing mechanisms in a melt-pouring mode of contact, appropriate to a core malting
accident in a PWR. A feature of these experiments will be an instrumented mixing vessel which
will be contained within the MFTF pressure vessel. The aim will be to establish tho dimensionless
parameters which control melt/coolant mixing, to give information concerning the scaling of mixing
phenomena to the reactor situation. This work is scheduled to be completed in December 1984.

Work with sodium coolant is planned to begin early in 1985, with scaling experiments
replicating earlier studies at the 0.5 kg scale. Proposals for later, sub-assembly-based experiments
employing instrumented sodium loops which would be contained within the MFTF vessel are being
developed.

10.5.3 Experimental studies in small scale Fligs A and B

Further experiments have been carried out with 0.5 kg of molten fuel released into water
in Rig A, and sodium in Rig B. These data have confirmed the trend for higher yields to be associated



with a shorter delay time between release of the molten fuel into the coolant and the timing of an
interaction. The overall conclusion from these 0.5 kg scale experiments is that for the whole range
of conditions studied, the yields of the interactions observed were low. When related to the total
mass of molten fuel in the experiment, the yields were typically of order 10 kJ/kg for water as coolant
and 1 kJ/kg or less for sodium. The frequency of experiments in these rigs is now greatly reduced
as effort is concentrated on the MF7F. However, both will be operated occasionally, for example,
Rig B will be used to develop techniques for removal of sodium by vacuum distillation for use in
the MFTF.

10.5.4 Film boiling investigations

Development of experimental equipment to investigate the triggered collapse of stable vapour
films is in progress. The ultimate aim is to study liquid/liquid systems but initially solid heated sur-
faces are being used. Stable vapour films have been established on a heated metal foil and methods
of generating pressure pulses to collapse these are being investigated.

To complement this experimental work, a novel phenomenological model of film-boiling
destabilization has been formulated and partly programmed on a local mini-computer. This model
includes shock propagation in the superimposed liquid, pressurization with condensation of the vapour
layer, and a limited heat diffusion rate in the melt. When completed, the first application of the model
will be to examine the effect of ambient pressure on film stability.

10.6 Sub-assembly faults

10.6.1 Damage tests

To examine the type of damage that could be caused if an MFCI occurred by thermal interac-
tion between coolant and molten fuel in a severely overheated sub-assembly, two further explosive
tests on an array of seven replica sub-assemblies have been carried out at Foulness.

The first of these tests involved fully ductile wrappers (about 20% elongation at failure) and
was intended to be an instrumentation assessment exercise to establish data recording performance
and levels, in addition to providing a reference data set by which comparison with the second test
using embrittled sub-assembly material could be made. Of the six sub-assemblies employed in the
'brittle' test, two were constructed from mild steel wrappers that had a nominal elongation of 1 %,
a further two mild steel assemblies had nominal 6% wrappers, and the final pair had nominal 5%
PE16 wrappers. Each model was fully instrumented with pressure, strain, force and accelerometer
transducers to a total of 110 channels of data recording.

The results of a previous cluster test using simply-supported sub-assemblies gave large defor-
mations. For these present tests incompressible wrappers were introduced to give more represen-
tative support to the six test sub-assemblies surrounding the incident wrapper containing the
simulated explosive source. Further modifications included using accelerometers to deduce sub-
assembly displacement and deformation and an array of transducers to monitor the interstitial
pressure between sub-assemblies.

Experience on technique and recording levsls gained from the ductile cluster test enabled a
full set of data to be obtained on the more important test involving the 'brittle' materials. The results
of the 'brittle' test showed that the mild steel sub-assemblies of both elongation properties suf-
fered only minor damage in the form of cracking or deformation. The PE16 sub-assemblies sustained
full length longitudinal cracking of the front face of the wrappers and considerable damage to the
internal fuel pin support assemblies. However fragmentation did not occur.

Low strain rate tensile tests at Foulness on the sub-assembly materials have not yet been
fully analysed but they show that the mild steel, whilst having a low elongation property, has an

enhanced UTS value. The PE16 material by contrast has both low UTS and low elongation
characteristics. To complement these data other measurements have also been arranged, to obtain
high strain rate tensile properties at SNL Springfields and fracture toughness values at Harwell.

10.6.2 Test analysis

The results of the tests at Foulness are being analysed by CTS, Risley and a calculation model
has been set up for the EURDYN-1M finite element fluid/structure interaction code. The model is
a 30° sector of the incident sub-assembly wrapper and one external wrapper with interstitial fluid
but with no internal sub-assembly contents. For a given pressure source in the incident wrapper
the code calculates structural deformation and fluid movement and pressures. It can he used to
gain information relevant both to the explosive tests and to reactor accident situations.

With data appropriate to the ductile test (wrappers of untreated ductile mild steel with thinned
corners, water, peak incident pressure 10 MPa) results agreeing reasonably well with experiment
have been obtained. For data appropriate to the reactor (wrappers of unirradiated PE16 of normal
thickness, sodium) a peak incident pressure of 30 MPa is predicted to fail the incident wrapper and
cause large crushing (30%) of the adjacent wrapper.

Data on pressure and velocity distribution from the EURDYN-1M calculations will be useful
in the SPOKE (lumped parameter model) code for prediction of damage propagation across the core.

10.7 Whole-core accident analysis

10.7.1 General reactor kinetics

The CRAFT code has been modified in CTS, Risley to include modelling of th« time-dependent
behaviour of decay heat using three decay-heat groups with associated time constants. This change
was needed because of the relatively long time-scales and low power levels currently predicted for
Untripped Loss-Of-Heat-Sink (ULOHS) accident progression. The importance of control rod support
expansion feedback for this accident has also led to the modelling of temperaturb-dependent con-
trol rod support expansion reactivity feedback within CRAFT.

10. 7.2 Code developments for extreme accidents

Developments of the UK fast reactor code, FRAX-4, has continued. Significant improvements
have been made to both the sodium boiling model and the internal fuel motion model, PINEX. The
non-uniform axial fuel distribution predicted by this latter model has led to a need to modify the
interface between the FRAX code and the post-pin-failure fuel rrition code EPIC This work, now
nearing completion, will enable fast TOP accident progression to be assessed from the standpoint
of internal pin fuel motion prior to failure and post-failure channel fuel motion. Further modifications
to FRAX have also been made to enable accidents initiating from low power levels to be assessed.

The FRAX code cannot deal with fuel and clad motion aspects following pin disruption into
voided channels (although the EPIC code is available for TOP transients where fuel fails in sodium
filled channels). The UK therefore intend to rely on comprehensive material motion modeiiing (in-
cluding freezing phenomena) currently being developed by JRC, Ispra for incorporation into the Euro-
pean Accident Code (EAC). This work is being backed by extensive study contracts including the
recommendation of mechanical loading and fuel failure assessment methods which are an essential
part of the package. It is anticipated that the EAC code will eventually succeed FRAX. A preliminary
version of EAC, lacking such modelling but incorporating EPIC, has now been distributed to all EEC
member states and is currently being tested on the Risley ICL 2982 computer.



102 10.7.3 FRAX development and application at AEEW

Results emerging from the fuel pin transient tests in the PFR/TREAT series are yielding valuable
information in relation to the fuel pin failure methods developed for the FRAX and PINEX-AR codes.
TREAT tests CO4 and CO5 were the first close simulations of a slow ramp or rod withdrawal acci-
dent using real irradiated fuel pins in flowing sodium. They simulated the reactor accident as closely
as is possible in TREAT. The fuel pin in C04 had been irradiated in PFR to about 4% burn-up at
a low rating, and that in CO5 to about 9% at a high rating with high gas release. In both cases results
strongly support the FRAX analysis, indicating failure near the top end of the fuel column by build-
up of internal pressure, with molten fuel escape at the same time and place, at about three times
normal power. FRAX also predicted that the large differences in gas release arising from the dif-
ferent ratings and burn-ups would tend to compensate in these particular cases, and this seems
to be true. However this would not be so for pins of equal rating. These results preclude sugges-
tions of early failure at other locations by very small differential strains. It is unexpectedly difficult
to develop a formula which works well over the large range of conditions encountered, particularly
rapid bursting by high internal pressure. The methods for FRAX originated at AEEW, have gained
recognition in an EEC-WAC study contract placed with Dr Preusser of the Technical University,
Darmstadt.

10.7.4 Accident code applications

The UK has continued to participate in whole-core accident code comparisons carried out
by the EEC Whole-Core Accident Code(WAC) group. Detailed comparisons of a Loss Of Flow (LOF)
fault for a notional 1844 MWIEI European reactor are in progress. In particular it is hoped that the
reasonable agreement of current predictions using the improved FRAX boiling model with results
from other independent boiling models, will provide a sufficient validation of the UK model so that
its use for CDFR calculations will be reasonably justified.

Parameter sensitivity calculations for an untripped LOF fault for CDFR have been continually
updated as improvements to FRAX have progressed. The conclusions remain substantially unchanged
in showing that the initial phase of the accident is mild, resulting in the melting of about one third
of the core with insignificant vaporization. Due to lack of m" ;rial motion and freezing models the
FRAX cods is not capable of following the accident progression to the stage of permanent shut-
down, so EAC developments are awaited to cover these aspects of analysis.

Calculations have commenced on rapid LOF faults initiated by a postulated major diagrid failure.

The FRAX code has been used to examine a rod runaway accident from shutdown condi-
tions (assuming 20% core flow). It has been shown that accident progression and outcome is almost
identical to an LOF fault from full power.

A parameter survey was completed using the FRAX Cho-Wright calculation model to in-
vestigate pressure-volume and mechanical energy relationships which might arise from MFCIs in
a postulated single sub-assembly incident. The results were included in a composite WAC group
paper on sub-assembly fault initiation.

10. 7.5 Equation of state and properties of Fast Reactor materials

As the basis for the extrapolation of vapour pressure of urania-plutonia solutions for use in
whole-core accident analysis a new model has been produced at Harwell to calculate the oxygen
potential of the mixed oxide Uy Pu-|.v O2-x

 a< various temperatures and Pu concentrations. Early
moaels assumed that the defect structure of the sub-stoichiometric mixed oxide was based on a
cluster consisting of an oxygen vacancy next to two Pu^+ ions. The new model allows considera-
tion of a whole range of possible clusters. It is assumed that the Pu ions are randomly distributed

over the cation sub-lattice but that the electrons will tend to go to Pu ions that are nearest or next-
nearest neighbours to an oxygen vacancy. It is then possible to calculate the energies of the vaiious
defect clusters involved and derive the oxygen potential, using three parameters to fit to experimental
data.

The model reproduces the Markin-Mclver rule for Pu concentrations above 15% but predicts
that for low Pu concentration the rule should break down. The experimental observation that the
rule is obeyed at 10% Pu is probably due to non-random distribution of Pu in the lattice. The model
may readily be extended to other mixed oxides for which experiments have been made, for example
(U, Ce)O„ (U, GdIO, and (U, Nd)O2.

Harwell have also contributed to the assessment of the measurements of vapour pressure
of urania using laser bombardment techniques made at the European Institute of Transuranium
Elements at Karlsruhe.

10.8 Containment loading and response

10.8.1 Studies at AEEW

TU- current series of WINCON (Winfrith Containment) experiments is directed towards the
study of the structural response of those reactor components most at threat from HCDA loads. Recent
experiments have demonstrated the importance of accurately representing the material and thickness
variations of the hemispherically-bottomed containment vessel, if satisfactory estimates of vessel
deformation are to be achieved. The experiments have also investigated the threat to the primary
vessel due to punch-down loads transmitted through the core support structure, extrapolation of
the experimental results to the reactor situation awaits completion of the supporting SEURBNUK
analysis. The next WINCON experiments will study the response of more representative models
of the core support structure and of the reactor roof.

Development of the SEURBNUK-EURDYN containment code continues under a collaboration
agreement with EIR Wurenlingen and JRC Ispra. A review of the status of the code was presented
as an invited paper at the 7th SMIRT Conference in Chicago. Other contribution-, to SMIRT-7 in-
cluded a paper on the STROVA programme and an invited paper on earlier WINCON experiments.

In studies of the phenomenology of the post-disassembly phase of the HCDA, results from
the SIMMER code are seriously compromised by large energy conservation discrepancies. Detailed
analysis has identified the nature of the errors and the most likely cause. This work was presented
at a SIMMER Workshop in Karlsruhe and the SIMMER code developers at Los Alamos are now actively
involved in the resolution of the problem.

10.8.2 Code developments at Risley

A routine called DIMSMOOTH has been developed to smooth out the pressure data from
SEURBNUK calculations. This is to eliminate the non-physical pressure variations whilst retaining
a physically realistic profile.

A simple one-dimensional dynamic code IHXDROP has been developed to study the stresses
and deformations of an IHX accidentally dropped back into the reactor vessel during maintenance.
A similar code IHXSIM has been developed to study the response of an IHX or a pump to the fluid
impact loading following an HCDA. It is likely that as these two models are further developed there
will be common areas, and the IHXSIM model will then be incorporated into the ROSHOD code.

The CFRSIM code is being modified to include primary vessel response to pressure wave
loading and response to radial impact of the fluid. The fluid/roof impact treatment is being improved,
and the support vault model is being developed in association with NNC.
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70.8.3 Code application

Production running with SEURBNUK now uses the 2E5 version. This has enabled the calcula-
tions with the IHX and Pumps represented by porous regions to be completed. The bottom-supported
diagrid design has now been modelled in SEURBNUK and eventually these two models will be com-
bined to form a definitive calculation.

The EURDYN 3 code has been used to calculate CDFR roof movements in response to loads
calculated using SEURBNUK. The finite element model has been improved to provide a more accurate
representation of the major penetrations. Stiffness comparisons with data obtained by NNC using
their elastic PAFEC code have proved successful, and collaborative work with NNC to produce a
2-D ABAQUS model has been done.

1O.S Debris studies and post-accident heat removal

70.5.7 Debris bed studies at AEEW

Work is continuing at AEEW to determine the heat transfer characteristics of debris beds,
to find out the levels of decay heat at which layers of debris at the bottom of a pool of coolant
would dry out and overheat, for different bed depths and types of particular debris.

The main motivation for present studies at AEEW is for water reactor analysis but the infor-
mation in most cases is equally valuable in developing behaviour models which will also apply to
fast reactors.

A new resistive heating rig has been commissioned and results have been obtained at a
pressure of one bar, with tests at higher pressure to follow. Results were presented at an interna-
tional experts meeting at Riso in May 1983.

Work with the dielectric heating rig, especially relevant to fast reactors, has produced results
for spherical particles which agree with data produced by resistive heating. Studies have also been
made in beds of irregular particles. It is found that the variation in dryout power is greater than in
beds of spherical particles and the level of dryout power is considerably less than expected for
spherical particles of the same nominal size.

The next phase in dielectric heating studies is to evaluate various types of instrumentation
probes which might be used to measure temperature within the dielectrically heated bed, specially
designed so that they themselves are not influenced by the heat generating effect.

10.9.2 Modelling and analysis

The one-dimensional debris bed heat transfer model has been further developed. A proper
matching between boiling and conduction zones has been achieved by the introduction of a con-
densation region: the improved model can be applied to debris beds with subcooled coolant and
downward boiling has been predicted in some circumstances. This work was presented at the 21st
ASME/AICHE Heat Transfer Conference in Seattle in August 1983.

Transient terms have been included in the existing steady-state model so that the approach
to dryout can be explored: it has also been found necessary to introduce a moving discontinuity
in saturation (analogous to a shock) in order to obtain transient solutions in some circumstances.
This work was presented at the International Meeting on Light Water Reactor Severe Accident Evalua-
tion in Cambridge, Mass, in September 1983. The Cambridge paper also included the results of ap-
plying the steady-state model to investigate the effects of stratification. It was found that the reduc-
tions in the dryout heat flux observed in experiments when fine particles were placed on top of coarse
ones would not be so severe for a continuous variation in particle size as would be produced by
settling.

With respect to other modelling work, a start has been made on the inclusion of dried-out
regions in the 1D debris bed heat transfer model and on the development of a two-dimensionjl model.
Most aspects of debris bed formation and heat transfer in the LMFBR context v/ere reviewed in
a study contract to proouce a compendium of post-accident heat removal modi-ls.

10.10 Structural response and missile impact studies

10. 10. 1 Structural mechanics

In the Structural Mechanics group at SRD, Culcheth the experimental and theoretical effort
in support of CDFR is concentrated on the crack tolerance of fast reactor structural materials. The
experimental work is on flat plates containing flaws in typical constructional detrnls. Use is made
of the SRD-designed flat plate rig, built by BNFL and located at Chapelcross. Several papers describing
results and theoretical analysis have been published in the open literature.

70. 10.2 Structure response tests

The Winfrith "STROVA" programme of dynamic loading experiments provider data specifically
f c the validation of structural response codes used in HCDA analyses. An extensive series of ex-
periments using a drop-weight facility to produce well-defined loads on a variety of flat plate
specimens has been completed. For strain-rate-independent aluminium specimens the EURDYN code
produces good predictions of specimen strain and displacement. Some discrepancies between calcula-
tion and measurement occur for steel samples, illustrating the need for accurate modelling of strain
rate effects and careful choice of calculational parameters. Recent experiments, still to be analysed
in detail, have used a vacuum gun to produce more dynamic loadings. Cylinders and hemispheres
have been studied as well as flat plate specimens, and the response of simple platt; and web models
of the reactor roof will be studied shortly.

10.10.3 Missile studies

A comparison of the impact performance of reinforced concrete targets with their static
behaviour has been completed. Concrete slabs of various thicknesses between 150 mm and 225 mm,
with reinforcement quantities chosen so that all slabs exhibited the same limiting values of bending
and punching shear, were impacted by collapsing missiles weighing 1 5.6 kg to provide loading func-
tions broadly typical of a crashing military aircraft at approximately 1/10th full scale. In all, ten tests
were performed and the dependence of the variation of the ratio of static to dynamic strength on
the overall thickness of the slab was clearly demonstrated.

These experiments were the final series organised through the UKAEA-GRS (Germany) col-
laboration agreement, and similar experiments in Germany but at a scale four times greater than
those in the UK, provided further confirmation of the validity of scaling techniques for studying im-
pact phenomena.

A number of experiments have been carried out in previous years using flat metal plate targets
impacted by cylindrical billets. In the past year a number of enhancements have been made to the
EURDYN/2 code and, with the incorporation of strain rate effects on material properties, the code
is now able to provide good estimates of transient deflection and strains.

A series of experiments in which steel pipes have been impacted by cylindrical missiles has
shown the important influence of the pipe contents on local energy absorption and perforation. In-
ternal pressure (inducing hoop stress around 50% of the yield stress) and the end support system
appears to have little effect on local deformations. Calculations for one of the experiments on an
empty pipe using the finite element codes EURDYN/03 (plate elements) and DYNA-3D (solid elements)
have provided good indications of the extent of local deformation.



104 A computer code DRASTIC (Dynamic Relaxation code for the Analysis of Stress Transients
In Concrete) has been developed for describing the behaviour of reinforced concrete targets im-
pacted by soft missiles. Results of calculations using the code have shown good agreement with
experimental results of target deflection and damage.

In addition to collaboration with Germany, as above, active and useful collaboration with France
(CEA-EDF) continues. Mutually beneficial collaboration with Denmark and Sweden in the
mathematical modelling of concrete is also continuing.

10.11 Reliability data

Comprehensive reliability data for fast reactors form a very important part of the basis for
the safety case for CDFR. Relevant data from operating reactors, particularly from the PFR, are vital.
The Safety and Reliability Service within SRD, Culcheth, have a programme of collecting data con-
nected with unusual events on the PFR, and are also producing an inventory of safety-related com-
ponents on two areas of plant. The secondary sodium circuit and the water treatment plant were
selected as the areas most suitable for study during 1983. It is intended to extend the study to
include all large steam and sodium valves over the next 12 months.

1 1 . REACTOR PERFORMANCE STUDIES

11.1 Neutronics design data

11.1.1 Nuclear physics data

The main characteristics of the pulsed neutron beam from the Fast Neutron target of the
Harwell Linac have been measured and are satisfactory for high resolution neutron time-of-fhght
measurements for fast and fusion reactors. Experimental and analytical work on discrepancies con-
nected with the 1-15 keV resonance in "Fe and the resonances iii 2)IU in the energy region bet-
ween 2 keV and 20 keV are proceeding.

Decay heat levels in the first few minutes after shutdown are important to certain safety
studies. A computerised helium jet recoil system has therefore been developed at Harwell to study
the decay schemes of short-lived (1 second to 1 hour) fission products for the elements between
molybdenum and silver (2 = 42 — 47) and the lanthanides (Z = 57 — 71). A system based oi:
high-pressure liquid chromatography for very rapid chemical separation is being developed.

Many experimental cross-section measurements are provided as resonance parameters, and
the Winfrith code SIGAR is used to process these into the group cross-sections needed. SIGAR has
now been linked to the American data processing system NJOY to allow its use to process the Euro-
pean/Japanese library JEF and other libraries in the same (ENDF/B) format. In this fo' it corr "s
favourably with parallel systems in an international intercomparison organised by .-.e

The CASCADE code developed at Harwell has now been established as a s " . ••;- .ode for
converting evaluated nuclear structure files in'o data files for neutronics code: \wn as FlSh.J.

11.1.2 Chemical nuclear data and integral data studies

Small samples of 119Pu and 2"U irradiated in PFR have been chemically analysed at Harwell
to verify the methods used for isotopic depletion (burn-up) calculation. Small samples of " 'Am and
! l lAm were also irrari.ated in the mid- and outer-core regions of PFR to check predictions of curium
production rates. Measurements are proceeding.

New basic data and experimental results from overseas have allowed Winfrith staff to make
further comparisons of fission product decay heat predictions. Following a meeting of specialists
in October 1983 at Brookhaven it was concluded that many inexplicable discrepancies still existed,
and methods to resolve them were suggested. The 8% discrepancy in the prediction of the ratio
of decay heats between "'Pu and "SU can be accounted for only by experimental errors.

11.2 Experimental reactor physics

11.2.1 ZEBRA

The zero power reactor ZEBRA remained shut down during this period. Maintenance has con-
tinued to prevent deterioration of the plant, and the opportunity is being taken by EURATOM to
conduct a full-scale verification of the fuel inventory.

11.2.2 Investigation of pin/plate reactivity discrepancies

Analysis of the CADENZA experiments has continued using standard ZEBRA calculational
methods similar to those recommended for large reactor performance prediction-,, based on XYZ
diffusion theory models, with FGL5/MURAL data, to allow for fine structure, and with transport
theory-derived corrections to allow for neutron streaming and the use of diffusion theory.

The results show that the standard methods overpredict the k-value of mixed-oxide pin fuel
relative to the plate fuel normally used in ZEBRA experiments by (0-87 ± 0-14)% dk/k. A similar
discrepancy is obtained when the sodium is voided from the two geometries. Ttiese results, and
those which studied the influence of plate-cell heterogeneity on reactivity and fine-structure
reaction-rates, together indicate that the discrepancy is primarily due to the underestimate in
Plutonium plate multiplication inherent in the 1D slab MURAL treatment. Using 3D MURAL represen-
tation of both plate and pin cells, in practice, reduces the difference in pin and plate geometry C/E
values to (0-48 ± 0-14)% 6V.IV.. Preliminary analyses of possible contribution1; to this residual
discrepancy are in progress.

11.2.3 Further analysis of the BIZET experiments

Validation of the methods and data used in CDFR design studies has continued on the basis
of the BIZET experiments. These analyses now include critical size, power distributions, breeding
gain, sodium-void coefficients and control rod worths in both conventional and preliminary
heterogeneous designs. Work on the main outstanding item, the worths of control rods in hetero-
geneous cores, was completed during the last year.

11.3 Methods development

11.3.1 COSMOS modular code scheme

The implementation of the CODIP data integrity procedure has continued. A subset of the
CFR data bank is now under CODIP control and special software has been produced to convert the
remainder at a single session.

Progress with documentation of the COSMOS scheme has been rapid. An introduction for
potential users outside the industry is almost complete, as is a description of the WORKSHOP
facilities. A draft of a programmers' manual and of a maintenance guide have been completed.



11.3.2 Irradiation-induced distortion of sub-assemblies

Development of the bowing calculation routes BOWHIST (load following) and BOWLOAD
(speculative reload) has continued. A number of modifications to output formats and correction of
some known errors have been completed and work is continuing on modifications to the output
facilities, including some very effective colour graphics, where the increased amount of informa-
tion presented on a single plot avoids looking up several in monochrome. The COSMOS task to list
the contents of the Master Damage Data Store, which receives the output from the BOWHIST task,
has been completed and documented.

In operation on a full plan PFR problem the core sub-assembly distortion codes occupy most
of the available virtual machine store and take a long time to execute. Studies aimed at more
economical use of machine resources are in progress.

11.3.3 Codes for electrical generation systems assessment

The RISKAN programme (used for probabilistic cost-benefit studies of alternative generating
strategies) has been enlarged so that it can now cope with uncertainties in up to 12 variables which
affect the logistics of the generating system and with uncertainties in up to 10 variables which af-
fect costs.

Development of the FRESCO fast reactor parametric survey code has continued. In the se-
cond half of the year the first stage version of FRESCO was put into service. FRESCO replaces the
earlier FROVE program and offers a more realistic core sub-assembly thermal design method based
on detailed pin-by-pin assessment. Other improved features include one and two-dimensional
neutronics calculations using the SNAP program for equilibrium and burn-up calculations.

71.3.4 Improved diffusion theory codes

The performance of the nodal diffusion theory code HEXNEC has been assessed for a three-
dimensional (hexagonal-z geometry) PFR equilibrium core model. The results confirmed the indications
from previous applications to other fast reactor problems that the nodal method can achieve signifi-
cant improvements in speed and accuracy compared with conventional finite difference method's.

The development of the SNAP code for shielding purposes has continued. Poor convergence
at high attenuation has been overcome by using higher-precision arithmetic in critical parts of the
calculation. The fully developed code will allow two and three-dimensional linked neutron-gamma
penetration calculations.

A new version of the FISPIN fission product inventory code, FISPIN 6, has been produced.
In addition to providing many new facilities, this version enables data in the internationally agreed
ENDF/B5 format to be read. Further work has been done on the quality assurance of the code and
its data libraries.

The finite-difference and finite-element code MARC and the London University finite-element
code FELTRAN have been linked to cross-section data sets for both shielding and criticality applica-
tions and are being tested against Monte Carlo calculations.

11.4 Neutronic calculations related to the PFR

71.4.1 Subcritical monitoring for the PFR

An analysis of the low power instrument count rate changes associated with all the fuel moves
inr during reload 5, the only reload so far when all three LP chambers were operational, has been car-

ried out using the SNAP code. The results of the initial study show fair agreement between measure-
ment and calculation: with some exceptions, flux levels or count rates after a fuel movement are
predicted to about ± 2%.

11.4.2 Reactivity changes in the PFR

As part of the routine reactor physics calculations performed in support of PFR, ke|( is
calculated at the start of each reactor run. The results of these calculations for the first seven runs
of the reactor have been examined and compared with the measured critical balance points. Fuel
burn-up and compensating fuel replacement during this period led to cumulative roactivity changes
of about 25 dollars. Nevertheless, agreement between calculation and measurement is good both
for absolute levels and for changes. At the beginning of a run, the maximum discrepancy between
measured and calculated reactivity has been about 0.2% dk/k.

11.5 Energy deposition and shielding

7 7.5.7 Energy deposition experiments

During the BIZET and MOZART experimental programmes of zero-power measurements in
the ZEBRA facility, energy deposition was measured using thermoluminescent dosimeters (TLDs).
The technique has been reappraised to support the RACINE programme in the Cadarache MASURCA
facility by incorporating better calibration techniques, closer definition of the TLD environment and
theoretical modelling of electron transport.

7 7.5.2 Energy deposition calculations

The adequacy of the approximate calculation methods for energy deposition, using separate
diffusion theory calculations for neutrons and gamma-rays, has been examined by applying them
to an experimental PFR sub-assembly with a neutron-absorbing cluster. A number of Monte Carlo
codes have been used, and MONK is currently being applied to the guide tube and sub-assembly
together to see how well the geometry of a double singularity can be represented. Applications of
the simpler methods indicate that most of the • 20% uncertainty arises from the nuclear data.

11.6 Engineering analysis

11.6.1 Thermohydraulics of heat exchangers

Detailed calculation of the sodium flow in the CDFR intermediate heat exchanger by means
of the ANTHEA code has continued. Confidence in the code has now increased following a suppor-
ting analysis of the flow and temperature distributions underneath the bottom tube plate of the PFR
intermediate heat exchanger by means of the PHOENICS code. The combined analysis, in which
the ANTHEA output was used as input into PHOENICS, predicts thermocouple readings to within
a few degrees. The ANTHEA code predictions of flow and temperature patterns in the CDFR in-
termediate heat exchanger have also been compared with those from the Argonne code, COMMIX.
There is very little difference in the thermal results produced by both codes, but there are some
differences in the secondary-side flow distribution into the tube bundle. Other code studies with
PHOENICS are in hand to investigate the differences between the two codes.

The codes ANTHEA Ucaium-side) and BESBET (steam-side) have been combined in order to
analyse the active regions of the CDFR steam generators. A steady-state full-load case has been
compared with results from BESBET alone using an assumed flow pattern. The combined code (BE-
SANT) has so far shown acceptable speed and remarkable stability.



]fj(j The Dounreay INCA code has been applied to the study of flow conditions in PFR evaporator
units. This has revealed complex flow and temperature fields consistent with plant measurements.
Calculated individual tube heat flux profiles are also in accord with plant data. A development pro-
gramme is under way to improve the accuracy and speed of the basic computational methods used
in large thermohydraulic codes.

11.6.2 Primary circuit hydraulic modelling

Work has begun at Berkeley Nuclear Laboratories on devising a theoretical model for the pro-
duction, transport and decay of turbulent temperature fluctuations. A suitable form of transport
equation has been programmed into the BNL finite-element code FEATT. Values for the constants
in this eauation are being derived from measurements of the root-mean-square temperature fluc-
tuations in the second phase of the Jet-in-Pool sodium experiment. An initial comparison between
the code results and the measurements indicates reasonable agreement, but significant differences
in the detailed behaviour are to be examined. The design of the impinging-jet experiment is well
advanced and it will use RNL fast-response surface sensors which are being provided as part of
a collaborative research agreement with the UKAEA and NNC.

7 1.6.3 Spent fuel transport

The experimental work referred to in the previous report on 2- and 3-D 1/13 scale glass-water
simulators is now complete. Flow visualisation demonstrates the presence of complex flow pat-
terns (cellular stripes) under certain conditions. The cold ends of the model do not participate in
the heat transfer, however, but heat flow is not entirely radial. It is estimated, from this work, that
axial heat flow enhances heat dissipation by about 20% compared with purely radial flow.

11.7 Economic and strategic assessment of generating systems

11.7.1 Fast reactor launching strategies

The UK plutonium supply and demand position for a ränge of fast reactor launching strategies
has been studied. In some situations there could be a surplus of plutonium and certain types of fuel
might not need to be reprocessed at all. The developing technical capability for economic long term
storage of irradiated fuel makes the alternative of such storage progressively more attractive, and
the relative economics of storage and reprocessing for different types of fuel may well determine
the course adopted.

From the analyses the best option on both logistic and economic grounds would be to con-
sider AGR fuel as having the lowest priority for reprocessing and perhaps not to reprocess such
fuel at all (beyond that already committed for Thorp 1) unless the fast reactor programme required
the plutonium or unless technical problems of long term storage arose. For many of the cases ex-
amined, there are lengthy periods when plutonium surplus to fast reactor requirements exists, at
least in irradiated fuel, and this plutonium could be made available for other uses, such as thermal
recycle.

11.7.2 Use of surplus plutonium in thermal reactors

An economic assessment has been made of the benefits of using plutonium in mixed-oxide
fuelled PWRs. It was concluded that the fast reactor was the most economic nuclear option if uranium
prices rose rapidly but that if the rate of fast reactor commissioning were constrained the burning
of excess plutonium in PWRs could increase the attainable economic benefit. It was also shown

that, with the currently expected low electrical demand scenarios and delayed fast reactor commis-
sioning, the burning of plutonium in the interim in UK PWRs would not adversely .iffect the poten-
tial to introduce fast reactors as required.

11.7.3 Export of surplus UK plutonium

A study of the potential for plutonium export, assuming no political restrictions, has been
carried out based on comparison of the results of the recent work on UK plutoniurn supply and de-
mand with the latest available published data, from the 1982 edition of the OECD/NEA publication,
"Nuclear Energy and its Fuel Cycle". (The 'Yellow Book'.) As the OECD/NEA are already in the pro-
cess of lowering their projections of high and low electricity demand and as fast reactor commis-
sionings seem unlikely to follow the basic OECD/NEA assumptions, the study h.is its limitations,
although some general conclusions emerge. With a general (UK and overseas) use of a two years'
plutonium recycle, there seems to be scope to absorb all surplus UK plutonium With a one year
plutonium recycle time, the potential market is less clear; there would probably be no market with
low nuclear programmes and only for limited periods with high nuclear programmes.

11.8 Control and dynamics

A range of data covering different degrees of boiler tube fouling is being assembled for the
stability study mentioned in the previous report.

Studies in NNC using the BESBET code have shown that natural circulation will prevent boil-
ing within the reactor core provided a decay heat removal level equivalent to that of two NaK loops
is sustained. More detailed work with an asymmetric version of BESBET indicates that a single NaK
loop may suffice.

NNC have also investigated the implications for boiler tube fatigue life of the plant opera-
tional schedule. Modifications to the schedule have been devised which make dryout boundary fluc-
tuation unlikely to affect the life. The effect of those modifications on turbine operation is being
studied. The revised schedule is expected to remove a major anxiety over steam generator design.

11.9 Neutron flux instrumentation

7 1.9.1 Relevant experience from Windscale AGR decommissioning

A more detailed examination of the high temperature fission chambers and cables developed
for the WAGR concluding experiments has begun. Initial results indicate that damage to the cables
has been a function of the design and installation of that particular facility, rathe than of the pro-
perties of the cable itself. The development of a new in-reactor fission chamber for combined pulse
and Campbell operation in AGRs has led to the choice of a binary inert gas (Ar/He) filling mixture
to give an acceptable measurement range and gamma discrimination for that application. This follow-
ed an extensive study of the effects of impurities on both modes of operation. A university study
contract has been placed to acquire data on electron recombination and attachment cross-sections
in inert gas fillings to establish performance limits related to the higher gamma discrimination re-
quired in fast reactor applications.

11.9.2 Instrument cables

Trial lengths of superscreened, medium temperature (= 150°C) cables using new radiation
resistant polymer dielectric materials have been manufactured and are under test. One of these shows
a capability to survive 300°C, to tolerate 5 x 107 Gy and to operate pulse-breakdown-free at 2 • 5
kV and 150°C. The problem of achieving freedom from microphony has still 1o be considered.



A university contract to investigate contact potential effects on a variety of contact and dielec-
tric materials has now been completed. Although the study has given an insight into the phenomena
of contact charging it has also shown that large variations in magnitude occur and that any measures
intended to control microphony must take such variations into account.
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