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1. BACKGROUND TO THE 1985 REVIEW

The balance between energy sources used for the generation of power in the UK in 1984
differed markedly from previous years. During the coal miners' strike, which lasted for 12 months,
the proportion of oil burnt in power stations increased significantly. Even with some coal-burning
stations not working, the CEGB was able to meet a record demand for electricity in England and
Wales: 45.05 GW on 9 January 1985. In 1984, nuclear power produced 18% of the electricity
in the UK, the increase being due mainly to new Advanced Oas-Cooled Reactors (AGRI coming into
use and working reliably at improving load factors. For example, for the winter quarter December
January February 1984/85 the following load factors wero achieved for AGR stations in the UK:

Oungeness B1
Hartlepool 1
Heysham 1
Hinkley Point B
Hunterston 83
Hunterston B4

600 MW(el
625 MWIe)
025 MW(c)

1250 MWIe)
625 MW(e)
625 MW(e)

47%
63%
79%
86%
85%
77%

Torness (1250MW(e)), and Heysham II (1250 MW(el), the next two AGR stations, are due
to be completed in 1987.

The Public Inquiry into Britain's first PWR at Sizewcll (which opened on 11 January 1983I
was completed on 7 March 1985 after hearing evidence) on 340 days during which over 200
witnesses were heard. This is the longest Public Inquiry on record in the UK. 5500 documents were
tabled. The Inquiry covered a wide range of national and local issues of importance: projected elec-



tricity requirements, alternative energy sources, construction costs, fuel costs, pldnt performance,
safety, environmental issues, plutonium and proliferation. The Inspector is expected to report to
the Government before the end of 19S5. If his report favours building a PWR and if a licence is
approved by the Nil, and if Government financial approval is forthcoming, construction of Sizewell
B could start in 1986 and be on load in 1994, although if the CEGB's targets for construction time
are met, this latter date could be advanced two years. The CEGE would wish to follow Sizewell
B with a 'minimum family' of three or four nearly identical PWRs. These stations would more than
replace the ageing Magnox stations which, on current assumptions on lifetimes, can be expected
to be decommissioned towards the end of the century. With this small nuclear programme, the
dependence on coal for a large proportion of electricity generation in the UK will continue until well
into the next century.

The Government announced that a number of potential sites for the storage of radioactive
wastes should be examined in greater detail, following the decision net to proceed with waste storage
at Billingham.

Following the sleeving of the welds in all three evaporators, the PFR ran at or near 220 MW(e)
with minor interruptions for 65 days from 10 August to the beginning of November 1984. The load
factor during this run WJS 64.7%. After a fuel reload, the reactor restarted in January 1985 with
all nine steam-raising units operating, including a reheater unit with a replacement tube bundle.

By mid-March, the reactor had run for some weeks at or above 600 MW(th), 250 MW(e)
(gtossl, close to design output. Standard fuel pins have exceeded a burn-up of 11 %, while experimen-
tal pins have exceeded 13%. Two experimental pins failed in the last year, one was removed for
examination and the other allowed to remain in the core while being monitored by the failed fuel
instrumentation. A brief account of operational history in 1984 is included in Section 2.

Following the 'flaactor Memorandum of Understanding', signed on 2 March 1984 between
organizations of five European countries, good progress was made during the year in building up
the partnership. Specific agreements to co-operate in R&D. Licensing and Industrial applications
of Fast Reactors, are expected to be signed soon, but co-operation started and has proceeded ahead
of these specific Agreements. A European R&D Steering Committee has met to oversee the activities
of Arbeitsgruppen/Groupes de Travail (AGTI which were formed to manage the collaboration in each
technical area. An interim Industrial Agreement between NNC, Novatome, INB and NIRA was signed
on 17 September 1984, which followed information exchanges to proceed ahead of the full
agreement-

Following the signing of two fuel cycle 'Memoranda of Understanding' on 2 March 1984
between CEA, Cogema, UKAEA and BNFL, discussions were held about enlarging the agreement
to include other partners. The principal objective of the fuel cycle agreements is the use of common
and shared Fast Reactor fuel fabrication and reprocessing plants to serve the needs of any demonstra-
tion reactors built under the collaboration agreement. In particular it is agreed that an intermediate-
scale demonstration Fast Reactor fuel reprocessing plant be constructed and that approval in prin-
ciple for this plant should be sought at the same time as the first collaborative demonstration Fast
Reactor is approved. Both France and the UK are engaged on design studies for reprocessing plants
of the appropriate scale and discussions on appropriate design parameters for a common concep-
tual design are taking place.

Senior representatives from the CEGB and Edf continue to meet regularly. As mentioned last
year, an Agreement to collaborate was signed on 7 February 1984. Proposals to extend the Agree-
ment to other Utilities are being discussed.

The number of professionally qualified staff employed on Fast Reactors in 1984/85 was about
960. Of these 870 were in the UKAEA, and the remainder were in the NNC. CEGB, BNFL and other
organizations with an interest in Fast Reactors. Expenditure in 1984/85 by all organizations was
about E105M (E110M less ESM f'om electricity sales from the PFR).

2. PROGRESS WITH THE PROTOTYPE FAST REACTOR (PFR)

2.1 Highlights

1984 was the most successful vear so far in the history of the PFR, and the one in which
sustained operation at high power became possible for the firsl time. Generation reached the highest
levels between 12 August and 6 November. The principal achievements in this period were:

Maximum power produced - thermal
Maximum power produced — electrical
Core irradiation
Electricity generated
Electricity exported
Turbo-alternator availability
Load factor - referred to 250 MWIel

575 MW
220 MW
63.5 efpd
333 GWh
306 GWh
92%
64.7%

2.2 Steam-raising units
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The improvement in performance was due mainly to the completion of repairs to the ferritic
steel evaporators. This was achieved by installing sleeves in the entrance and exit of every steam
tube to isolate each weld from the water side. The last tube bundle to be modified in this way was
finished in March and installed in evaporator 1, concluding a campaign which started in November
1982. Since the three fully sleeved evaporators were brought into service there have been no leaks
and there is optimism that the earlier problem has been solved.

In 1974-76, superheaters 2 and 3 and reheater 3, all fabricated in austenitic steel, suffered
leaks, which caused caustic stress corrosion cracking. The cracking in reheater 3 caused it to be
scrapped. New ferritic steel tube bundles for all the superheaters and reheaters were ordered, and
by the end of 1984 all had been delivered to Site. The first, the replacement for reheater 3, was
installed in sodium circuit 3 at the end cf 1983. At the end of 1984 the steam-side connections
were made, and it was available foi use early in 1985. This led to operation with all nine steam
generators for the first time and allowed generation at the design level of 250 MW(e).

2.3 Operating history

At the beginning of 1984, Reload 7 was being concluded, and operation with two secondary
circuits commenced pending the delivery of the third repaired evaporator unit. When it was delivered,
however, three-circuit operation was delayed by two significant setbacks. On 10 April the bottom,
sodium-lubricated, bearing on secondary sodium pump 2 seized very suddenly. Examination of the
recorder traces showed that there had been an increase in bottom bearing vibration over the previous
hour but no other indications of impending failure. The sodium was dumped from the secondary
circuit and the pump was removed and replaced by the overhauled spare. IThe shutdown was used
to replace a sub-assembly at low burn-up containing a failed fuel pin.) Subsequent dismantling of
the pump showed severe pick-up of the Steinte in the bottom bearing, leading to total seizure.

Two-circuit operation, using circuits 1 and 3, continued until June when there was a second
setback. A smalt-bore pipe in the gas-space hydrogen detection system on superheater 1 failed,
releasing some tens of kilogrammes of sodium into the secondary circuit cell. The resulting fire damag-
ed the electric cabling. Repair of the damage and testing of cables was a major undertaking, which
was completed in just over six weeks. After this, and replacement of a second sub-assembly con-
taining failed fuel, the way to three-circuit operation was clear.

The fuel failures in Run 8 involved similar sub-assemblies containing a mixture of UK and US
fuel pins in different claddings. The first was fresh while the second had achieved a burn-up of about
3%. Both failures were characterized by a general progression from fission product activity tran-
sients in the gas blanket (observed by the on-line beta precipitators and gamma spectrometer) to



np a slowly-escalating delayed neutron signal. The second sub-assembly was operated at higher power
after the failure and hence gave a significantly higher delayed neutron signal.

Run 8 saw the benefit of important improvements to the conventional plant made at Reload 7.
The most important were the modifications to the feed system, which allowed all eight feed heaters
to be brought into service for the first time.

2.4 Engineering improvements at shutdown

The very successful period of three-circuit operation in Run 8 began in August and ended
at the beginning of November. Reload 8 occupied the rest of the year. Two very significant
achievements of the Reload were the use for the first time of the flask arrestor gear and a new
demountable sub-assembly cluster transfer machine. The former provides secondary support for
a flask when suspended from the reactor hall crane. There were teething troubles when this com-
plex piece of equipment was brought into service for the first time, but when these have been
eliminated it will be possible to move fuel transfer flasks between cave and reactor more quickly.

The demountable sub-assembly machine also accelerates reloading schedules by making it
possible to exchange experimental irradiation clusters quickly. It was deployed for the first time
at Reload 8 and worked faultlessly. It has the great advantage over the original version of this machine
in that it will tolerate high temperatures and can be left in the primary circuit while the reactor is
operating, so that time taken in loading and unloading is saved.

Reload 8 included the changing and rotation of core sub-assemblies and guide tubes and the
changing of blanket sub-assemblies, absorbers and experimental clusters within demountable sub-
assemblies. A notable addition to the core loading was a prototype sub-assembly designed to achieve
15% burn-up (see Section 9.1).

Further major improvements were made during Reload 8. The instrumentation which measures
the water level in the steam drums was modified to allow it to monitor the level over a much wider
range. This will allow a more flexible response to major plant transients, and should reduce the
likelihood of the drums being emptied. In addition, the first of the new cooling water pumps, made
of improved mateiials, and a new mimic diagram in the control room, designed to show the operators
the condition of the essential plant, were installed.

During the year the steam drum Sempell safety valves, which discharge from the water side
of the drums, gave trouble, mainly by lifting prematurely. Another major improvement at Reload 8
was to replace them with valves mounted on to the steam headers, which should make accidental
emptying of the drums much less likely.

An important remaining problem concerns the decay heat rejection loops. The tubes in the
heat exchangers, where the NaK gives up its heat to the atmosphere, run at different temperatures,
and this causes cyclic plastic strains at the tees where they join the headers, which has led to cracking
and four leaks in the past ten years. New heat exchangers have been ordered for delivery towards
the end of 1985. In the meantime, extensive instrumentation has been fitted to the units to monitor
their performance. A regime of monitoring and fatigue assessment, backed up by tee inspections,
has been established to ensure continued secure operation of the existing units until the replacements
are installed.

2.5 Circuit chemistry (see Section 8.2)

Primary sodium hydrogen concentrations have been in the range 0.17 - 0.29 ppm throughout
the period, reflecting the continued use of the primary circuit cold trap with the bottom basket
temperature adjusted to about 160°C. The tritium concentration in the primary sodium was measured
in August and found to be 3.85 nCi/g Na. Throughout the period, sodium-phase carbon activities
measured using the Harwell carbon meter were below the detection limit of the instrument (0.001
w.r.t. graphite).

In January 1984 a rig containing three Harwell Mk III oxygen sensors was installed in the
reactor. After 14 days at 265 to 280°C, two sensors started to fail. Aa the temperature of the
primary sodium approached 400°C the output voltage from the third meter changed as expected
with temperature. It operated for a further eight days, and then failed, most probably as a result
of thermal shock accompanying a reactor trip. The oxygen concentration indicated by the meter
during this latter period was in the range 13.5 to 16 ppm. This result was subsequently confirmed
by analysis of samples of the primary sodium, which contained 13 ± 1.3 ppm oxygen.

Oxygen concentrations in the secondary sodium during normal operation have been in the
range 6.5 to 8.5 ppm while hydrogen concentrations have been less than about 0.65 ppm. The
Harwell Mk HA oxygen meter installed in the secondary cold trap loop continued to be invaluable
throughout the period. The meter operating at the beginning of the year failed in July following 4168 h
of use in the temperature range 380-420°C. The circumstances suggested failure as a result of
thermal shock. Sodium was dumped from the oxygen meter sub-loop and the meter was removed.
It showed signs of having failed in the bottom region of the electrolyte. It was replaced by a new
meter, which failed on 11 December after 3090 h of operation in the temperature range 380-420°C.
Examination indicated signs of similar damage.

In the absence of any water leak in the steam generators, the major source of hydrogen in-
gress into the secondary circuits continues to be waterside corrosion. Consistent with previous ex-
perience the installation of the new evaporator tube bundle in circuit 3 resulted in an initially high
hydrogen ingress rate of 0.3 g/h which dropped to 0.1 g/h after extended operation. The hydrogen
ingress rate in circuit 1 during the period of operation from August to November varied in the range
0.065 to 0.1 g/h.

2.6 Reactor performance

During 1984 the maximum burn-up in standard fuel increased to 10.8% of heavy atoms, and
in experimental fuel to 12.5% (see Section 9). Radial blanket sub-assemblies have achieved a max-
imum of 1.3% burn-up. There were no failures of the standard driver fuel. Core irradiation advanc-
ed by 90.6 equivalent full power days (efpd) in 1984 to an overall lifetime total of 512 efpd. Elec-
tricity generation in the year amounted to 447 x 10' kWh and the lifetime total advanced to 1867
x 10' kWh. The radiation dose received by the operating team remains low, and the total actual
recorded dose above film threshold in the year was 0.15 manSv (15 man-Rem).

Generation in Run 9 began at the end of January 1985. The new reheater in circuit 3 was
brought into service successfully, and full power, 250 MW(e), was achieved for the first time on
4 March.

3. REPROCESSING

3.1 PFR fuel reprocessing

During 1984 a further quantity of mixed (U, Pu) oxide fuel was reprocessed. Most of this
material consisted of fuel fabrication residues but the opportunity was also taken to carry out trial
dismantling, cropping and dissolution of some non-standard sub-assemblies containing wire-wrapped
pins. A special small scale development cropper was tested on the wire-wrapped pins. The dismantl-
ing and cropping of, and fuel dissolution, from these sub-assemblies containing wire-wrapped pins
was successfully demonstrated.



3.2 Aims of the CDFR reprocessing development programme

The main aims of the programme during 1984 were to:

(i) examine a number of process and equipment options identified as having potential
technical or cost benefits during the Phase 1 design study of a demonstration plant with
a capacity of 50-70 t/a;

(ii) identify reference flowsheet and equipment for the Phase 2 study of the reprocessing
plant in which various further options were considered;

(iii) continue with experimental tasks as required to support the current reference flowsheet;

(iv) define the experimental facilities required to implement the future development
programme;

(vl make proposals for a possible joint UK-French reprocessing development programme.

3.3 Spent fuel transport

The aim is tc define the facilities required for the dispatch, transport and receipt of spent
fuel from the reactor site to the reprocessing plant.

Cost estimates for the reference route for transporting seven sub-assemblies in a sodium-
containing flask and for transporting bundles of pins in nitrogen (the flask containing pins from 10
sub-assemblies in 30 holes) have been completed. No insurmountable difficulties are expected in
transporting fuel either as whole sub-assemblies or as dismantled pins following cleaning at the power
stations. A cost comparison suggests that the route could well be determined by operational and
safety reasons rather than economics.

To aid design calculations for transport in sodium, experimental work using a water-filled model
was undertaken. Separate correlations for radial and axial Nusselt numbers were obtained which
were in good agreement with the experimental data. Calculations using a finite element fluid flow
code, however, showed that hydrodynamic similarity will probably not be maintained between the
water models and a sodium-filled canister. The correlations may, therefore, not be as accurate as
hoped when applied to sodium.

An experiment has been designed to improve the accuracy of the temperature assessment
of an irradiated sub-assembly by measuring the decay heat and cladding and wrapper temperatures
of an actual PFR irradiated sub-assembly. A gas blowing technique will be used to provide
measurements of gas temperature difference across the system such that the decay heat can be
calculated and then related to the measured pin and wrapper temperatures to provide a check on
the algorithms currently in use to calculate temperatures.

3.4 Removal of sodium from sub-assemblies

The reference process for the sodium cleaning of CDFR sub-assemblies by steam cleaning
has already been endorsed. A comparative review using American. French and Japanese data on
the steam cleaning of sodium-contaminated sub-assemblies indicated that cleaning times of 2-3 h
can be attained, figures which are lower than those currently achieved at the PFR.

A proposal to build an inactive rig to examine the factors affecting steam cleaning of a gridd-
ed sub-assembly and to demonstrate a 2-3 h cleaning time was endorsed and the rig is scheduled
for operation in late 1986.

3.5 Fuel storage in water

The two irradiated PFR sub-assemblies a t » 8 % burn-up loaded into the PFR water-filled buffer
pond in December 1982 to demonstrate water storage and transport possibilities, continued without
incident until October 1984 when a low level of n;Cs was detected in the pond water. The suppor-
ting laboratory experiments aimed at studying the factors controlling irradiated pin clad corrosion
in water and the possibility of inhibiting attack by inhibitor addition have been completed. After one
years immersion in inhibited (200 ppm NaOH) or uninhibited (10 ppm CI) solution at 60° C, shallow
intergranular attack was detected in the uninhibited section of an upper axi.il blanket clad specimen
but not in the fuelled pin clad sections.

3.6 Fuel sub-assembly dismantling and shearing

The techniques for the dismantling of sub-assemblies could becom« increasingly important
with the advent of a collaborative European reprocessing campaign. It is now considered that the
original fallback route of massive shearing is no longer an acceptable alternative to the Develop-
ment Reference Design for Reprocessing (DRDR) route and single pin pulling is being re-examined,
with emphasis on automation to give acceptable throughput. A development programme has been
mounted and preliminary results suggest that the required throughput might be achievable.

The proposed use of a high power laser in the CDFR fuel reprocessing plant led to tests being
carried out to ensure that the wrappers could be cut without penetrating the fuel. The results ob-
tained indicated the necessity of a system which automatically stabilizes the laser beam and monitors
beam quality; the development of such a system is in progress for delivery early in 1985. The basic
possibility of welding and cutting transit cans for re-use using laser powers not exceeding 5 kW
has also been demonstrated and work is in hand to establish the optimum conditions.

3.7 The design and development of a batch dissolver

The manufacture and installation of a full-scale uranium oxide prototype batch dissolver and
its associated off-gas condenser and scrubber to demonstrate design feasibility and to provide in-
formation on all aspects of plant performance has been completed. The experimental programme
using UO2 dissolution in nitric acid will commence in 1985. (The arrangement was shown in Fig.
1 of the 1984 IWGFR Report.)

The constructional material to be used for the CDFR dissolver has not been finally chosen
but recommendations have been made regarding the use of stainless steel 310L NAG which should
have an expected life of some 10 years and of lnconel-690 with a predicted life of some 20-25
years and the additional capability of handling HNOj/HF solutions to cope with high plutonium-
containing insolubles. Coupon samples of these materials are currently on test in both inactive
laboratory and PFR dissolver tests and an assessment is being carried out with a view to performing
small-scale dissolver tests, each dissolver being constructed of one of these constructional materials.

3.8 Post-dissolution accountancy and chemical adjustment

To demonstrate the benefit of a weighing system for plutonium accountancy compared with
the present system, which uses a combination of volume and density measurements, a Sauter
Weighbridge, capable of weighing up to 3 t to within 10 g, has been purchased and tested. Trials
with a dummy tank suspended from the Weighbridge have demonstrated that with four 2.5 cm dia
schedule 40 pipe hairpins attached to the tank, the degradation in indicated weight is 150 g in 1000
kg. Computer studies have shown that this small degradation can be reduced further with optimiza-
tion of the pipework orientation.
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3.9 Separation chemistry

The partition data compilation using the AKUFVE automated mixor centrifuge unit for the
U-Pu-HNOj - TBP/OK systems and for the equivalent sulphuric acid flowsheet has been completed
at ambient temperature.

A computer study of the sensitivity of the sulphate and nitric acid partition systems to input
parameter variations showed that the sulphate system is exceedingly tolerant to maloperation,
whereas the nitric acid partition process v/ould require a high degree of control.

A series of mass transfer trials has been completed in the Dounreay uranium-active pulsed
column. A depleted uranium solute was transferred from 3M nitric acid to 20% TBP/OK under ex-
tract conditions and several strip experiments were also performed. Column uranium concentration
profiles and droplet size measurements were made at a number of points in the column and the
dispersed phase holdup was also determined, and thus the interracial area available for mass transfer
to occur could be calculated. Backmixing measurements were also made by injecting a pulse of
strontium nitrate tracer into the column and monitoring the subsequent downstream response. These
data are being assessed to calculate the "heights of transfer units" (HTUs) and mass transfer
coefficients.

To obtain an understanding of the effect of diluent type on the formation of degradation pro-
ducts from tributylphosphate during fuel reprocessing, various diluent types have been irradiated
as 20% TBP/diluent systems with and without nitric acid equilibration in a cobalt-60 facility. The
protective effect attributed to the naphthenic type compounds, that is lower rate of degradation
product formation, as compared to the use of the diluent n-dodecane under similar conditions was
surprisingly low in these cobalt-60 irradiation experiments.

3.10 Solvent extraction chemistry

Comparative assessments of the radiation deposition and radiolysis of solvent in centrifugal
and pulsed plate contactors have shown that, when examined in the context of a reprocessing plant,
the expected advantages of reduced solvent radiolysis of the centrifugal contactor over pulsed col-
umn, becomes relatively marginal. A detailed plant assessment study is in hand to compare all aspects
of the two contactor types.

Containment for a six-column plutonium-active rig (Fig. 2 of 1984 report to the IWGFR) has
been erected at Dounreay, leak tested and the glassware assembled. The programme of installation
work is to meet a completion date of mid-1985.

3.11 Waste treatment — aqueous streams

Highly active raffinate will in future be concentrated by evaporation and work has been car-
ried out to reduce the phosphate levels (which limit the degree of evaporation) by steam stripping.
Using an inactive simulant of nitric acid, pre-equilibrated with tributylphosphate, it has been
demonstrated that the phosphate concentration can be reduced from an initial level of 2000 ppm
to below 0.2 ppm at normal plant flowrates.

The reference process for the plant design study for the treatment of all aqueous medium
active raffinates involves a ferric hydroxide floe formed by the addition of ferric sulphate, ammonium
sulphate and a flocculating agent and has to be capable of accepting wastes containing sulphate.
Studies in the laboratory on waste simulates have shown that the presence of sulphate does not
appear to adversely affect the floe process. An alternative scheme using a uranic floe, with floe
re-use and with recycle of actinides and fission products which would eliminate the need for floe
disposal, has been shown to be feasible in principle and work is in hand to extend and improve its
performance.

The possible use of an inorganic ion exchange column for the further treatment of medium
active liquor after a floe process, is being studied with the aim of reducing residual beta gamma
activity which is mainly due to caesium, strontium, plutonium and ruthenium. To date, the results
have been extremely encouraging and sufficient to allow the discharge of the supernate to be con-
sidered as a viable option.

3.12 Waste treatment — non-aqueous wastes

Phosphorus is not removed during plutonium oxide manufacture and it will be necessary to
avoid non-volatile phosphate being carried through with the recycled plutonium products in order
to prevent phosphate buildup in the highly active raffinate with its resultant deleterious effect on
evaporation factor.

Odourless kerosene has previously been used for plutonium product washing on a single pass
basis, but in a recent PFR plant reprocessing campaign the effect of recycling this kerosene was
examined. Up to ten cycles of washing were achieved and it was concluded that five cycles are
the optimum based on maximizing the washing efficiency and minimizing plutonium losses.

3.13 Waste-treatment - gases

The exercise carried out to assess the possible integration of shear and dissolver off-gas
streams in a future plant compared baffle plate and packed bed scrubbers as options for shear dust
removal and concluded that a baffle plate scrubber would not only have considerable advantages
over a packed bed scrubber in terms of plant size and flexibility, but would in addition be self-cleaning
and would fit in well with the integrated off-gas treatment scheme cutrently being evaluated.

The previous studies on the self-heating of cropped fuel, which results in release of fission
products, fuel oxidation and subsequent fuel dissolution behaviour, have been limited by a shortage
of reliable data. These data have recently become available from the ORNL Voloxidation programme
through the UK/US exchange agreement and are currently being evaluated.

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

A roll compaction method has been selected for reducing the volum« of fuel pin hulls for a
future plant. Studies on unirradiated hulls have shown that the volume can be reduced to one third
of the original volume of hulls. The next phase of this study will be to demonstrate the process
in cell conditions with irradiated hulls and this is scheduled to commence in mid-1985.

An assessment carried ou: to determine the economic and environmental benefits which might
accrue from the decontamination of hulls to reduce the level of residual fuel, showed that there
was only a marginal economic benefit but that there would be an environmental benefit. A recovery
process based on further leaching with nitric acid and feedback of the liquor to the dissolver appears
to offer the simplest approach for hull decontamination and the optimization of this process is being
studied.

4. COMMERCIAL DESIGN STUDIES

4.1 Introduction

During 1984 there were some changes within the NNC from concentration on detail design,
analysis and development in support of the CDFR, with initial steps being taken to move into the
European collaborative programme. Nevertheless, most of the effort continued to be deployed on
the CDFR, where the major activities have been preparation of the Design Concept Safety Report,



analysis and development to establish the design and safety of the key feasibility topics and ex-
ploration of alternatives, notably plant layout and secondary containment design, to reduce cost.

energy in the tube bundle for it to breach the primary tank. A similar analysis is being undertaken
for the primary pump.
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4.2 Plant kinetics

The BESBET Whole Plant Model has been revised and used for completion of a study of all
the major plant operating conditions, substantially completing the COFR plant duty cycles.

Major progress has been made in the kinetic modelling of both the NaK decay-heat rejection
(DHR) cooling loops fed from coils at the top of Intermediate Heat Exchangers (IHX), and DHR by
the steam plant. These studies have shown that performance and reliability are adequate. The steam
plant can reject decay heat for a period of about seven days without any internal or external elec-
trical supplies and without make-up water. The NaK loop will provide 60-70% of the normal air flow
over the coolers under natural circulation conditions, without electrically driven fans.

It has also-been shown that natural circulation of the primary circuit gives a substantial bonus
to the safety case, additional to the Pony Motors which are provided for each primary pump and
give 10% of fuel flow. It is predicted that there will be no boiling under natural circulation condi-
tions with two out of four NaK loops operating, and steam plant and primary circuit temperatures
will be no higher than in normal operation.

4.3 Automatic shutdown system

The overall automatic shut down system for CDFR is fully documented, including the single
sub-assembly accident protection system for which a complete set of event trees has been specified
for all accident initiators. There is still a requirement for two monitoring systems for the radial blanket,
and experimental work is proposed on an acoustic temperature measurement system.

4.4 Structural integrity

The principal concern in structural integrity (see also Section 5.1) is the need to show that
fracture of the primary vessel and core support structure is incredible. Substantial contributions in
an analytical study have shown that residual stress in welds is not effective in promoting fast frac-
ture of type 316 stainless steel. A study of fracture mechanics assessment methods has concluded
that the CEGB R6 method and its reviews based on elastic analysis, provide adequate means of
assessment, subject to confirmation in large scale test pieces now being planned using the Struc-
tural Features Test Facility (SFTF) (see Section 5.3.1). A computer program STRIPE has been
developed to study propagation of cracks from minute surface flaws under thermal striping condi-
tions to provide a more realistic assessment of the potential for thermal striping damage.

More detailed aseismic analyses of the CDFR are required covering, for example, soil struc-
ture interaction and detailed analysis of the primary circuit structure. Attention so far has been con-
centrated on detailed components such as the IHX, steam generator, primary sodium pump and
shutdown system.

The alternative shutdown system has been checked experimentally and its drop time found
to be independent of seismic excitation.

Static analyris of the primary tank necessitated an increase in thickness from 25 to 35 mm
in the cylindrical portion to resist the seismic loading. Experimental work is in hand to investigate
whether the dynamic buckling response will show the static analysis to be pessimistic.

A potential fault leading to simultaneous breach of the primary vessel and leak jacket is a
dropped load during lifting out of the reactor. Recent work has shown that an IHX dropped from
the highest position will be largely arrested by strain energy in the roof and component itself. Failure
within the IHX separating the tube bundle from the roof plug is predicted but there is insufficient

4.5 Primary containment

It is estimated pessimistically that mechanical yield from an RCDA is very low, in the range
100-200 MJ. A more complete study of the primary containment capability has been achieved, the
weakest link in the containment being the junction between the vessels and roof at the transition
joint, by a factor 2 compared with the roof and a factor 4 compared with the vessel. Present judge-
ment is that the containment could survive a 500 MJ mechanical energy release. Loads greater than
this, following the mechanical energy release phase of the HCDA, the so-called MFCI and Q* phase,
are postulated to occur with extremely small probabilities. Little progress has been made on these
topics, inhibiting a complete statement on HCDA containment.

4.6 Secondary containment

Although current calculations suggest that HCDA energies are insufficient to rupture the
primary containment following a 200 MJ HCDA it is assumed for the purpose of safety studies
that a breach exists. Taking into account behaviour of aerosols, it has been shown that these events
lead to a negligible site boundary dose with the reference design of high pressure containment. Fur-
ther detailed work on chemical behaviour of fission products is expected to reduce the source term
to be used in these studies.

While the high pressure containment has a low leak rate and deals very effectively with ac-
cidents in which a release of sodium spray or vapour does net exceed about 11 and provides good
aircraft crash protection, it is expensive and provides a major constraint in routing of cables, con-
struction and testing. A low pressure containment building incorporating a passive water scrubber,
is thought to have considerable advantage and may be capable of giving considerable mitigation
for releases involving larger quantities of sodium.

This type of containment is being modelled analytically to include the effects of sodium fires
and aerosol deposition. First calculations with the model show that this style of containment is capable
of handling small fires of about 0.51 of vapour with only small leaks to atmosphere. Larger fires
will lead to some release but these are much smaller than for the same conditions in the high pressure
building where high pressures would cause structural failure.

4.7 Core and fuel (see also Section 9.2)

The reference design of fuel has continued to be the 325-pin sub-assembly, but an initial ap-
praisal has been made of the economic benefits of changes in core design in which there is no re-
quirement for minimum system doubling time. A conclusion of this appraisal is that there are signifi-
cant benefits in fuel cycle cost from reduction in size of axial and radial blanket, reduced mass rating
by increasing pin length and diameter, and by increasing fuel burn-up. These changes do not lead
to any reduction in capital costs of the reactor.

New design rules for fission gas plenum design have been proposed which will necessitate
a change of pin clad, to Nimonic PE16, to avoid excessive plenum length for a fuel burn-up higher
than 10%.

Restrained core analysis and development have continued with the experimental models giv-
ing some support to the analytical codes. The behaviour of a restrained core at higher burn-up is
being investigated and initial results indicate that Nimonic PE16 wrappers having the swelling
characteristics exhibited in PFR would not be suitable for a fuel burn-up in excess of 10%. Analysis
has shown that ferritic wrappers would be suitable for high burn-up but the substantiation of the
swelling characteristics of these materials at very high doses is required.



10() A design of core-restraint structure cooling has been produced to maintain the whole struc-
ture below 400°C using low temperature sodium from the diagrid. A further complementary analysis
has shown that the radial pressure gradient between the sub-assembly tubes and above-core-
structure flow baffle, forces high temperature coolant into the interstitial spaces between sub-
assemblies, thus increasing wrapper temperatures significantly compared with previous assumptions.

The major work in support of absorber rods and mechanisms has been demonstration of per-
formance in water rigs. It has been shown that the alternative shutdown rod fully meets the inser-
tion time requirements. The primary shutdown rod is being tested and has shown that the required
drop time and performance should be achieved over the full range of misalignments between the
mechanisms and core.

4.8 Above-core structure (see also Section 5.2.1)

The overall thermal stresses within the above-core structure have been analysed using a
preliminary evaluation of temperature distribution. A creep-fatigue evaluation has indicated that the
design is acceptable. The aseismic response has also been evaluated and shown to be acceptable
although there are reservations on the terms of fluid structures interaction effects.

An air rig of the above-core structure and reactor hot pool has been used to study thermal
striping. This has shown that there may be some potential for thermal striping on the outside of
peripheral shroud tubes but it is expected that this can be overcome by design changes. A further
water rig to study thermal shock on the' above-core structure is now being commissioned. The ma-
jor outstanding problems of the above-core structure are the need for more accuraw determination
of overall temperature distributions and hence thermal stress, elimination of thermal striping and
resolution of the problems associated with helium embrittlement of type 316 steel at the lower end
of the structure.

4.9 Reactor vessel internals

Confidence has now been generated in the steady-state performance of the intermediate
plenum using a sealed roof (Section 6.1.3). However, this design would not be satisfactory during
transient operation and the proposed solution is to have a hydraulic connection between the plenum
and hot pool. This is being studied experimentally, initially with water models. Results of both a
basic and specific model indicate that a design which employs chimneys on the standpipes and in-
ner tank will be successful in transferring fluid from the intermediate plenum to the hot pool during
a transient but still behaving essentially as a sealed plenum during a steady-state operation.

Considerable progress has been made on the design of insulation within the gas space bet-
ween the vessel and hot pool and on the reactor roof, by simplifying it and reducing the overall
weight of this insulation. This is a topic en which a substantial input can be made from an understan-
ding of the effect of a sodium mist in the cover gas which may substantially reduce the heat transfer
to the roof and vessel structures. This is an effect which has previously been ignored. Further ex-
perimental and theoretical work is required to confirm the design (see Section 6.1.4). .

The conical support for the primary vessel and roof on to the vault is also a desirable feature
of the CDFR design from considerations of integrity of the core support system and also for cost
reduction compared with the previous design. There has been significant progress in the design
analysis and fabrication of this feature with a full scale linear mock up now nearing completion.
This has been used to develop welding and inspection procedures and will enable material proper-
ties of the transition weld between the roof and cone to be evaluated.

4.10 Steam generators

Work has continued to validate and develop the once-through J tube design (Section 6.3).
Good progress has been made in developing a 2D thermal hydraulic code, BESANT, covering both

shell and tube sides under steady-state and transient conditions. This is being used to provide input
data for structural analysis of the steam generator, all the salient features of which have been shown
to be generally acceptable. The major concerns are corrosion fatigue at the dry-out position under
the relatively low mass velocity conditions of the CDFR design and the temperature gradients local
to the boundary between the active and inactive zones at the lower end of the boiler. Experimental
proposals have been proposed to resolve these problems.

Development of the tube to tubeplate fusion weld is proceeding satisfactorily. A full size
9Cr/Mo forging has been procured and initial indications are that it is of satisfactory quality fcr for-
ming pintles for the fusion weld option; work is now proceeding to evaluate its mechanical properties.

4.11 In-service inspection (ISI)

Work on CDFR has concentrated mainly on the formulation of ISI schedules for the primary
circuit, and design and development of the associated equipment. The major development has been
advancement of a Links Manipulator concept in conjunction with under-sodium ultrasonic applica-
tions and also of a remotely controlled vehicle for inspection of the reactor vessel and leak jacket.
The first phase of a comprehensive development programme to demonstrate thij potential of a general
purpose ultrasonic viewing system using a Links Manipulator device has been started. Proposals
are now being formulated for the demonstration of a Links Manipulator and viewing system in the PFR.

4.12 Fuel preparation

A reference scheme for preparation of irradiated fuel for transport under sodium to the
reprocessing plant is largely complete and conceptual proposals have now been made for transport
in gas, with a limitation en heat output of 5 kW. The facility includes sodium decontamination sub-
assembly dismantling, and waste handling caves, with sub-assembly dismantling by either whole-
pin bundle ramming or automated single-pin pulling. Some initial development work has been under-
taken in support of the automated pin pulling option. It has been shown that it is feasible to disman-
tle pins from 5 kW sub-assemblies at the reactor.

Work has also been undertaken in support of alternative fuel handling systems aimed at reduc-
ing the size of the sodium-filled core component store. These include the consequence of in-vessel
storage, sodium decontamination and water pond storage of sub-assemblies discharged from the
reactor at a power of 35 kW, and combined storage and sodium decontamination at 35 kW.

4.13 Fuel handling

Work has concentrated on investigating a design of fuel storage within the vessel to eliminate
the sodium-filled core component store. A number of schemes covering rotating shield refuelling
machine designs and internal storage arrangements have been considered. It has been shown that
it is feasible to accommodate the store with an increase in vessel diameter of only about 0.2 metres.

Demonstration that an irradiated sub-assembly generating 35 kW, which is the requirement
for the reference design, can be adequately cooled if jammed in the gas-filled section of the transfer
route has been largely completed although further work is necessary to confirm that sodium con-
densation on the wall of the transfer tube will not limit heat transfer by radiation.

4.14 Plant layout

Work has been concentrated on the low pressure containment concent already referred to.
Three configurations of secondary circuit and steam generators were considered, covering steam
generators in-line as in the reference design, steam generators arranged on a symmetrical satellite
configuration and a close-coupled configuration of steam generators symmetrically arranged on each
side of the reactor building. The close-coupled arrangement was found to bi; the most promising.



4.15 Sodium pumps 5.2.2 Reactor structures

Work on the impeller hydraulics has been generally brought to a satisfactory conclusion, con-
firming the cavitation performance. Work on the pump bearing has confirmed its basic operational
characteristics. Further work is still required to confirm the seismic capability of the bearing at low
speed conditions necessitating a non-linear time-history dynamic analysis.

5. STRUCTURAL INTEGRITY

5.1 Introduction

The suitability for service of a structure can usually be established by a combination of validated
calculation methods and experimental studies. This approach is entirely satisfactory in many ap-
plications. In the Fast Reactor context, the calculation procedures can run into difficulties when
the stresses include those arising from complicated thermal-hydraulics because of as-yet insoluble
problems in inelastic analyses. Moreover, analyses invariably assume that the potential distortion
modes and relevant damage processes are recognized, and this may not always be possible.

The validation of a structure by experiments can prove to be difficult because of the costs
of testing representative samples from a structure and of applying the load and environmental con-
ditions which the sample would experience in service.

A strategy for evaluating structures, even when theoretical and experimental difficulties arise,
is now evolving. Increased emphasis is being placed on the solution of specific problems as con-
trasted with the development of generally applicable methodologies, although this tauer objective
remains an ultimate goal.

5.2 Design-related work

5.2.1 Above-core structure (ACS) and rotating shields

(a) Above-core structure

An analysis cf the CDFR above-core structure support skirt has been completed. This involv-
ed an assessment of thermal and self-weight stresses against ASME Code Case N-47 limits, using
the elastic route. The assessment has considered the Safety Shutdown Earthquake (SSE) seismic
loading with primary stresses against level D service limits only (with the exception of buckling).

The maximum predicted damage fraction from a creep/fatigue evaluation was 0.7. almost
all of the damage being due to creep; this is for a 40-year life, with 70% of the time at full load.

(b) Rotating shields

A three-dimensional finite element analysis of the CDFR inner rotating snield (IRS) structure
was carried out assuming normal reactor operating and incident conditions. Results showed stresses
throughout the structure to be low. except in localized areas of three transverse plates. These have
been further evaluated using detailed models, and stresses in excess of ASME code limits have been
predicted under incident conditions. Design changes to reinforce the structure have been proposed.

Work has also been done on the cylinders which pass through the steep temperature gra-
dient across the plate insulation. These include the boundary shells of the insulation and the internal
penetration liners. High stresses have been calculated and design solutions are being investigated.
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• (a) Low temperature structures

To ascertain the effect of the core offset on the structural performance of the primary cir-
cuit, a 180° finite element coarse model of the primary vessel and its internal structures has been
developed. The model has permitted investigation of the effects of poor heat transfer conditions
under the deck separating the hot and cold pools during operation with a coolant circuit or circuits
out of operation. In this situation, the model has predicted significant compressive stresses in the
deckplate and its support webs, and a buckling assessment has indicated the need to increase plate
thickness or to add stiffness to limit deflections. •

(b) High temperature structures

Most of the work in this area has been concerned with the development and testing of the
thermal hydraulics codes VICSEN and PHOENICS in their applications to CDFR. These codes are
being compared against data from various air and water rigs, but their predictive status has not
yet been established.

5.2.3 Secondary sodium circuits

Several design aspects of the secondary sodium pipework have been investigated to ensure
that the tightly constrained reference design of the CDFR secondary sodium pipework is viable and
to gain expertise in all analytical aspects of high temperature sodium pipework design.

Following the decision to adopt ASME III Class II rules for the design of the pipework, a deter-
mined effort has been made to check that the reference design will meet all aspects of Class II re-
quirements. Results so far are promising, but the latest requirements of the rules will be incorporated
before firm conclusions are reached.

5.2.4 Steam generators

An analysis of dryout has predicted fatigue design margins of 2.9 — 4.3 at low load, depen-
ding on tube condition. The sensitivity of these margins to the detailed assumptions made in the
analysis is being assessed.

5.3 Specialist activities of general applicability

5.3.1 Structural integrity

A salient consideration in formulating a strategy for validating Fast Reactor safety-related
structures is the difficulty of undertaking in-service volumetric inspection. This has led to the adop-
tion of a leak-before-break argument, based on the proposition that a detectable sodium leak will
precede any conceivable component deterioration which could result in massive failure.

An R&D strategy to establish the validity of the leak-before-break concept has been evolved
involving:

(il materials properties studies;

(ii) studies of defect development under multiaxial stressing in materi.il sizes directly related
to components; and

(iiil studies of key sections or 'features' of reactor structures under the multiaxial, distributed
loading which will be experienced by the plant feature in service.



F o r i t e m I" conventional materials test equipment will be employed. For item (ii) a 20 MN
biaxial test machine will be used. Item (iii) has led to the proposal to build a Structural Features
Test Facility (SFTF) of 100 MN tensile capacity to test 'features' which are adequately related to
actual details of the plant, under test conditions sufficiently close to service loading for satisfactory
confidence to be felt in the test results.

5.3.2 Piping

In addition to ensuring that adequate methods, data and criteria are developed to meet
pipework design requirements, an investigation has begun into practices used elsewhere in the world
Fast Reactor community with the aim of identifying where procedures differ and demonstrating that
there is then adequate justification for UK practices.

Work has centred on component geometries, materials and layouts proposed for the CDFR
sodium circuits. Particular aspects of study are the codified methods for assessing the stiffness,
strength, stability and creep/fatigue behaviour of pipework components for various levels of loading.

Consideration is being given to the extension of work on the seismic analysis of a notional
secondary circuit pipe run, sponsored by the Fast Reactor Codes and Standards Working Group of
the European Commission, to include optimization aspects of pipework. Overstrain tests carried out
on JVscale bend and straight test assemblies of the notional pipe run have provided evidence of
conservatism, with respect to piping plastic collapse, of the ASME formalism for Level D events
(namely those of a hypothetical nature), of which the SSE is an example. The test results are also
being used to relate component behaviour to the conditions implied by the stress limits recommended
in ASME III, for example, for various loadings, not only at Level D.

Design codes incorporate tests for ratcheting and for the effects of elastic follow-up on
pipework operating in the creep range. The provisions of the N-47 elastic route preclude the possibility
of arriving at economic designs unless evidence is provided to show that elastic follow-up is not
of concern or may be allowed for in some other way. Work has begun with the objective of deter-
mining when elastic follow-up is of consequence.

5.3.3 Design criteria

(a) Non-creep shakedown

The observation of ratcheting in pressure vessels designed within the code shakedown limit
led to the need to study material ratcheting in stainless steel over the temperature range of interest
to CDFR structures. Results of repeated load tests on uniaxial specimens of Type 316 steel are now
indicating the levels of stress at which the material reaches a stable (that is, non-ratcheting) state
and the corresponding strain accumulation. For material with properties close to specification
minima, the results imply a strain accumulation of about 2% at stress-concentrating features designed
to code limits.

(b) Constitutive equation development

A set of 'standard' constitutive relations has been derived using a formalism developed in
the USA at Oak Ridge National Laboratory but with UK materials data. These equations have been
used to develop relaxation data and comparison has been made with the results of relaxation tests.
The equations were also used to generate a set of isochronous stress-strain curves for comparison
with those in ASME Code Case N-47 and were employed in a finite element analysis of tests on
pipe-bends undergoing creep tests. In all these cases, there was qualitative agreement, but quan-
titative comparison was restricted by the wide scatter in the input plasticity and creep data. As
yet, the constitutive equations must be regarded as permitting catenations which are stylised rather
than predictive.

(c) Structural shakedown experiment

An experiment is required to demonstrate the conservation of the shortcut design method
in its application to a typical CDFR high temperature structure undergoing combined mechanical
and thermal loading. In general, the latter situation involves axial as well as through-the-wall
temperature gradients. The experiment in its initial form consists of a heated tube under sustained
axial load with a narrow circumferential band subjected to intermittent down shock. Computer
analyses have shown that a test tube ot 500 mm dia will be required to develop sufficiently large
thermal stress.

Further analyses have been made to study the shakedown of the test piece and to determine
the reference stress from which the likely rates of creep strain accumulation can be predicted. For
loading above the shakedown limit, the strain accumulation due to plastic ratcheting has been
assessed. A load interaction diagram has been produced by approximate methods showing the
ratcheting boundary for the proposed experiment.

(d) Shortcut design methods

Shortcut design methods allow reasonably conservative design assessments to be made in
situations involving plasticity and creep without resorting to costly inelastic analysis. An extension
of shakedown methods into the creep regime was proposed by CEGB Berkeley Nuclear Laboratories,
offering less restrictive limits than those embodied in the elastic route of Code Case N-47. Work
is in progress to develop and endorse this method for routine design use. Towards this end, a set
of draft design rules has been prepared by NNC for trial use.

The main issues remaining in the establishment of the method are the experimental demonstra-
tion of conservatism referred to in Section 5.3.3(c), above, a treatment for peak stresses caused
by local stress concentrations and the need for some means of quantifying the degree of elastic
follow-up at which the method is invalidated.

5.3.4 . Life assessment

Activities are concerned with the development and validation of design and assessment
methodology for failure at elevated temperature. The relevant failure processes are fatigue, creep
rupture and creep/fatigue; more especially, these are involved in possible component failure under
thermal striping and/or thermal shock. Experimental studies centre increasingly on 'features'
experiments supported by an interpretive framework derived from careful materials tests on both
plain and pre-cracked test pieces.

The salt-bath facilities at NNC Risley, and the Harwell thermal shock rig continue to provide
data from thermal shock tests on 'features' specimens. During the year, data generated by a new
sodium thermal shock rig at CEGB's Berkeley Nuclear Laboratories have begun to become available,
which will permit the relevance of tests made in rigs using other coolants, such as air. to be firmly
assessed.

Results accumulated over several years at SNL, AERE and NNC have been assessed on a
common basis and compared with predictions based on uniaxial '.citing. Salt bath data conform
to expectations from uniaxial tests, but AERE tests show lower endurances than expected, though
the results are still within the Code safety margin.

Preliminary tests have confirmed that existing rigs at AERE and SNL can be used for studies
of 9%Cr steel as well as for Type 316 steel. These rigs have advantages over the salt baths for
this purpose because it is easier to obtain adequate strain ranges and the tests would not need to
be carried out in parallel with (and hence at the same temperatures as) continuing tests on Type
316 steel.

The SUPERSOMITE rig, which has been approved for construction in the year under review,
will be able to study structural integrity under thermal striping conditions. The rig will be located
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at RNL, Risley. and is scheduled for operation in late 1986. Co-axial hot and cold jets of sodium
will produce temperature fluctuations as they mix to cause thermal striping of 70 mm dia butt-welded
cylinders simulating the essential features of a shroud tube.

High cycle fatigue tests relevant to thermal striping have shown that small surface defects
in engineering structures can significantly reduce high cycle fatigue strength and eliminate empirical
safety margins normally associated with design curves. High cycle fatigue investigations involving
predictions and experiment have indicated that for Type 316 steel, sharp defects of 100 jjm are
equivalent to the design safety factor of two, suggesting that the permitted striping range may need
to be reduced in defect-tolerant designs.

A study of the background information for a new strain-based creep-fatigue methodology
has been completed. This mechanistically-based ductility-exhaustion model has been used to predict
creep/fatigue de?^.i curves for Type 316 steel. For ductility levels below 30% the predicted curves
are lower than the corresponding Code Case N-47 values; for ductility values above 30%. the situa-
tion is reversed. Development of this route, based on creep ductility, has raised concerns about
factors which reduce ductility or enhance creep strain (such as helium generation under irradiation,
weld structures, multiaxial tensile stress rates or elastic follow-up).

5.4 Stress analysis and failure assessment methods

Work is proceeding in association with Imperial College on the development of a Boundary
Interval (Bl) program aimed at obtaining elasto-plastic stressing and fracture analysis under a range
of loads including thermal shock.

The non-linear finite element analysis code ABAQUS has been used to investigate nonlinear
deformations of fuel sub-assembly wrappers and grids, plastic flow under thermal shock and fracture.

The code BERSAFE (Level Three) has been produced by CEGB to allow the efficient inelastic
analysis of complex geometries. Solution algorithms have been incorporated which speed-up con-
vergence and improve accuracy. Similar developments have been made in the computer program
which evaluates temperature distributions. These combined improvements allow the non-linear
analysis of complex Fast Reactor structures to be undertaken efficiently.

For strongly work-hardening materials, such as stainless steels, the CEGB failure assessment
procedure (R6) has recently been modified in an addendum which includes a new method for including
thermal and residual stresses in the assessment.

6. ENGINEERING AND COMPONENTS

6.1 Primary circuit hydraulics

6.7.7 Hot pool

Work has continued on the 1/15 scale model of the hot pool in the primary vessel of the CDFR.
A series of transient tests has been completed for three-circuit operation, in two configurations,
to account for the effect of core offset. Significant stratification has been observed at lower flows.

Possible alternative designs, which have been tried in the model, include modifications to
the above-core structure outer shell and IHX inlets. Testing in each case has included flow
visualization and velocity end pressure measurements. New pressure tappings were fitted at the
last strip-down of the model and work is under way to study further the pressure field.

In order to investigate the free surface conditions in greater detail, the 1/15 scale model has
been sectorized in two ways, one of which was to allow comparison with the 1/8 scale sector model.
Flow tests in the latter model showed that the free surface was not too rough, with no frequent
vortex formation. The only site of regular vortexing was close to the sector plate (vertical wall).

It was noted, however, that the major components in the 1/8 scale model were located differently
from those in the 1/15 scale model, and so direct comparison could not be made.

Two 90° sector models of the CDFR above-core plenum la 1/5 scale air model and a 1/8 scale
water model) have been built to facilitate detailed studies of the simulated flow and temperature
fields, and thereby enable thermal stress amplitudes and fatigue damage on submerged reactor com-
ponents to be better predicted.

The 1/5 scale air model is used primarily to measure fluctuating temperature amplitudes in
an isouuoyant flow field, so as to validate CDFR against excessive thermal striping in the hot pool.
The model can also measure the mean temperature field above fuel elements and along structures.

The 1/8 scale Water Model has been constructed and the commissioning tests are nearly com-
plete. Initial experiments will aim to extend the range of data obtained from the 1/5 scale air model by

(i) allowing flow visualization;

(ii) reproducing buoyancy forces and thereby establishing the effect of buoyancy on the
flow and temperature fields; and

(iiij reproducing the temperature-transient field that follows a reactor trip and thereby predict
the extent of thermal shock.

6.1.2 Cold pool

An updated design of deckplate has been fitted into the large, 1/11.5 scale water model of
the cold pool with the correct positions of components and a shaped surface to allow the escape
of gas.

A simulation of the steady-state heat transfer through this deckplate into the upper part of
the cold pool has been carried out with a methanol/water mixture injection technique. The Richard-
son number of the equivalent sodium injection is modelled. The tests for all-circuit operation have
been completed successfully.

6.7.3 Intermediate plenum

Work has continued on the extensive validation programme outlined in last year's report. The
experimental measurements on the 1/10 scale mercury-filled plenum rig have been completed. Tests
have been done with a uniform temperature on the heated vertical wall equal to the roof temperature.
Results agreed with predictions and with extrapolations from water models. A larger-than-expected
variation in heat flux over the plenum floor was found, however.

Work on non-uniform heated wall temperatures and heat fluxes has also been done. Heat
input near the bottom of the walls is more effective in increasing heat flux through the floor than
heat input near the top of the walls.

The Cerrobase-filled GEMINI rig has been used to model transients in a sealed intermediate
plenum, giving reasonably good agreement with the predictions. Steady-state work, with a cold
roof and heated floor, has also been done, resulting in highly-agitated Cerrobase in the cell. The
rig is now being modified to allow accurate measurements of heat flux.

The first stage of the Static Water-Filled Permeable Plate Rig (SWAPPER) experiments has
been completed, involving heat transfer measurements past horizontal permeable plates in a closed
cell having a cold roof and a heated floor. The porosity, hole size and plate thickness were all varied.
The electrical heating plate on the cell floor has been replaced by a cooling duct. Some transient
work has been done with a permeable plate, giving results similar to those observed with solid plates.

The water-filled Transient Generic Rig (TIGER) has now been commissioned and a first phase
of tests carried out with a solid roof, under both steady-state and transient conditions. Two permeable
plates have since been tested, (Phase 2), with porosities of 0.5% and 3%, both giving high values



•jnj of Nusselt number (17 and 100 respectively) with a maximum upper duct flow velocity of 1.5 m/s,
in comparison with the sealed plenum value Nu = 1.3. Computer programs to help with extrapola-
tion to reactor conditions are being developed. Transients have also been modelled, giving values
of Nusselt number of 100 to 150. Heat flux was inversely proportional to AT within the intermediate
plenum. For Phase 3 tests, standpipes have been fitted in the model and the intermediate plenum
cover plate is solid apart from the expansion gaps around the standpipes. Results so far show a
lot of disturbance below the porous plate. Future tests (Phase 4) will include velocity measurements
using Laser Doppler Anemometry.

6.7.4 Heat transfer in the cover gas

The programme of work to determine heat transfer in roof penetrations has been completed.
Measurements in air of wall heat fluxes and centreline gas temperatures have been made for various
base temperatures and aspect ratios in vertical cylinders up to 1 m dia. Comparisons have been
made with the theoretical model developed (TUEEFIN) and good agreement between measurement
and prediction is achieved for both heat fluxes and temperatures. Similar measurements have also
been made in vertical annuli, having widths varying between 10 mm and 200 mm. The results have
been compared with another theoretical model (ANNULUSFINI, and a very self-consistent set of
solutions can be obtained, using one set of constants, for both heat flux and gas temperature.
However, if the same constants as those obtained from TUBEFIN are used, whilst the temperature
distributions are well predicted, the heat fluxes are consistently under-predicted. The reason for
this is being investigated.

Work is in hand at Manchester University to measure the emissivity of a liquid sodium sur-
face. Preliminary measurements have been made between 200°C (0.022) and 400°C (0.032). These
measured values are in excellent agreement with theoretical predictions.

6.7.5 Basic studies of thermal striping

Over a number of years. BNL work on Fast Reactor thermal hydraulics has been concerned
with understanding the modelling laws for thermal stress boundary conditions (thermal shock). This
has involved measurements in small-scale, idealized-geometry sodium and water experiments devised
to isolate the flow of interest rather than provide direct design data. The analysis of the results of
these experiments has required the development of a finite-element code (FEATT) which is now
used for applications outside the Fast Reactor field. To complement the code developments, a range
of experiments is being undertaken to improve the turbulence models appropriate for non-buoyant
and buoyant flows.

Recently, experimental and code work has commenced to develop a transport equation for
turbulent temperature fluctuations (thermal striping). The experimental work involves measurements
in geometrically-similar sodium and water test-sections to examine the transport of turbulent
temperature fluctuations in the bulk fluid and their transmission to a stainless steel plate. Work on
this topic is expected to continue for the next few years.

6.2 Component development

6.2.1 Primary sodium pump

Following the first series of tests on a full size pump bearing in water, a second series of
tests on a plain (unstepped) bearing with reduced radial clearance has been started. This type of
bearing would be expected to have increased resistance to seismic disturbances. Initial tests on
a plain bearing with 0.28 mm radial clearance show that, compared to the stepped bearing, its stiff-
ness and damping characteristics are improved by factors of 2 and 4 respectively.

6.2.2 IHX thermal hydraulics

Detailed calculation of the sodium flow in the CDFR intermediate heat oxchanger using the
ANTHEA code has continued in order to study the effect of design changes. Current uncertainties
in the analysis, such as asymmetry at the edge of tube bundles, and the effect of blocked tubes
which result from 2-D approximations will, in the long term, be resolved by developing a 3-D slice
model in the PHOENICS code.

The ANTHEA code has been set up on the AERE CRAY computer to pnrmit analysis of the
CFR-IHX transients on an acceptable timescale. The analysis of a secondary sodium pump trip, with
the flow field being solved every 2.5 s, has now been completed up to 100 s of transient time. The
results indicate a changing flow pattern in the edge gaps as the secondary flow decreases.

6.2.3 IHX tube buckling

The preferred design of IHX for the CDFR uses a straight tube bundle rather than the cranked
arrangement of. previous designs. This feature allows straightforward engineering and construction,
gives a more compact unit and enables a smaller reactor containment vessel to be used. The incor-
poration of these features into the design will have a significant effect in reducing the overall capital
cost of the reactor. However, this is achieved with a loss in the range of temperature variation that
can be tolerated at the inlet to the IHX.

Operation of the unit under steady-state conditions presents no difficulties, but during tran-
sient operation, locally hotter tubes are subjected to compressive strain, and possible buckling, as
the majority of the tubes cool and change the axial position of the tubeplates. It has been calculated
that a tube-to-tube temperature difference of 40°C, corresponding to a load of 8.9 kN, will cause
buckling. To avoid this, the ASME III safety factor has to be included which reduces the allowable
inlet temperature variation to the IHX to 25°C. Temperature difference of tnis order can occur dur-
ing emergency shutdown of the reactor.

The IHX tube buckling rig has been constructed to measure the allowable compressive loads
in tubes of reactor specification. The specimen tube is heated to a uniform temperature of 540°C
and then compressed axially to determine its Duckling load. Experimental measurement of buckling
load will be used to confirm the theoretical calculations and possibly to increase the present 25CC
limit on temperature difference as less conservative safety factors can be employed.

The rig has been designed and manufactured during the past two years and is av he commis-
sioning stage. Practically all the components have been functioned and the first full length test
specimen has been fitted. The rig has been raised in temperature tc = 540°C and it requires only
that the linear temperature be established along the specimen length.

6.2.4 Tube bundle cross-flow and vibration

Most Fast Reactor boilers and heat exchangers have regions of cross-flow over tube bundles
with Reynolds number = 1 to 5 x 105 where iittle information exists relevant to the calculation of
pressure loss, flow-induced frequencies and fluid force coefficients. A basic experimental programme
is therefore being mounted in the water facility in RNL using a test section which will house triangular
pitch tube bundles with pitch-to-diameter ratios of 1.3, 1.65 and 2.0 relevant to CDFR IHX, sub-
assembly support tubes and steam generators respectively. Each bundle will be about ten tube rows
wide and deep, selected tube positions being used to measure flow-induced forces by mounting
special tubes on force gauges. This will allow estimation of Strouhal numbers, fluctuating lift coef-
ficients and fluctuating drag coefficients for a range of Reynolds numbers appropriate to the reactor
operation. The test results will be used to support computer code analysis of thermal hydraulic con-



105

ditions in tube bundles and allow more realistic flow-induced vibration assessments than are possi-
ble at present. Test section construction is well advanced and initial commissioning is scheduled
to start in February 1985.

6.2.5 Flubbing seals for rotating shields

During refuelling operations, when the shields are rotating, the cover gas seal is achieved
by mercury dip seals. During reactor operation, a seal is required which will withstand the high gas
pressures which would be generated by a Hypothetical Core Disruptive Accident. At this time the
shields would be static and mechanically held down, and an elastomer seal is proposed for this du-
ty. It will still be in position when the shields are rotated during refuelling, and hence it must rub,
but it will not be called upon to perform a seal because the reactor is shutdown.

Two designs of elastomer have been identified. Both designs are spring assisted and are refer-
red to as the garter spring type and the hairpin spring type. Samples of each type have been made
and look promising. The hairpin spring type is moulded; a 30 cm length has been produced and the
design of a mould for the 1 m dia. hoop is in hand. The garter spring type is an extruded section
and a hoop has been made. Samples of each design of seal will be tested on a 1 m dia. rig. Pressures
between 160 and 1400 kPa will be applied and evidence of leaks sought and quantified as well
as practicable. The higher pressure will cause relative movement between the components to be
seaied, of = 10 mm in an axial direction, while the seal is located in the bore. The elastomers will
also be rubbed against a steel surface, in a separate series of tests, at a representative speed, dura-
tion and contact pressure, whilst the pow.jr to drive it is measured. Any heat generation and wear
will be observed and the influence of lubrication investigated.

6.2.6 Primary vessel buckling

Static buckling experiments on 1/36 scale models of the primary vessel showed a safety fac-
tor of 1.05 against seismic buckling, which is less than the factor of 1.50 required by the ASME
III criteria. It was suggested that the application of a steady buckling force is pessimistic, since the
actu j l seismic forces are oscillatory. Hence a programme of dynamic buckling experiments has been
put in hand.

The first new test vessel has been tested dynamically. The test lasted 1.5 s. and the vessel
buckled after twenty loading cycles. The dynamic buckling load was 10 t comoared to the static
buckling load of 7.71 (an increase of 30%). Post-buckling measurements revealed that the transverse
natural frequency had changed from 270 to 151 Hz.

6.2.7 Secondary circuit tees

To limit the thermal stresses induced in the secondary sodium circuit tees during thermal uan-
sients, it is necessary to fit thermal sleeves inside the tees. Development work at the manufac-
turers has confirmed the feasibility of co-extruding a liner sleeve inside the main tee body. This pro-
totype tee has been flow tested in a water rig and the results confirm that a significant amount
of leakage flow will occur between the sleeve and the tee. This would have a deleterious effect
on the thermal performance of the sleeve. Piston ring seals are being fitted between the sleeve and
the main tee body at each end of the main pipe legs.

6.3 Steam generators

6.3.1 Thermal hydraulics

The AEA computer code ANTHEA (sodium-side) and the NNC computer code BESBE1 1st'
side) have, been combined in the new computer code BESANT which is being used to a" "', »•> ,<j
CDFR steam generator thermal hydraulics. The hydraulic validation of this new code har V-r: based

on flow distribution measurements in a 60° sector air model, and generally good agreement has
been obtained in the inlet annulus, inlet cross-flow regions, outlet annulus and the ar • ve bundle zone.

Steady-state cases for 20%, 30%, 50% and 100% thermal load have now been run on the
BESANT code. Initial exploratory work demonstrated the sensitivity of the temperature distribution
predictions to by-pass flow down the bundle edge gaps. Large temperature gradients were calculated
until the blockage of the edge gap by the shear rings and solid portions of grid plates was included.
This produced major reductions in the predicted temperature gradients and agrees with mixing
measurements made on the 60° sector model.

6.3.2 Sodium-water reactions

(i) Intermediate leaks — Super Noah Test 6x. Two further intermediate leak tests with flow-
ing water in the target tubes have been carried out. The injection rates were 800 and
1300 g/s and there was no overheating damage. Only one tube was affected by wastage
in each test and, in the detection time on PFR, only = 1% of the tube wall thickness
would have been removed. A total of eleven injections have been performed in the 6x
series, four with flowing water in target ubes to model the heat sink in an operating
steam generator. There was no overheating damage to tubes in any of the tests with
flowing water in the target tubes. Two tests at the very end of 1983 used PFR Replace-
ment Tube Bundles with 9%Cr1%Mo material and spacing. In these tests, the target
tubes were nitrogen pressurized. Post-test analysis of the test section indicatd that no
overheating damage had occurred. This is an encouraging result for the PFR Superheater
and Reheaters where the heat sink will not be as good as an evaporator. All the other
nine tests used 2'/i%Cr1%Mo evaporator material and spacing.

(ii) Pool fire tests. If, following a fairly substantial sodium water reaction (through a defect
of several mm or greater), the sodium and steam dumps do not function satisfactorily,
a condition called by the Americans a "pool fire", can occur. A pool fire is characterized
by a fairly stable or very slowly falling sodium surface with steam spraying onto the
surface. The resultant reaction produces products which can corrode the steam tubes
and vessel walls as happened in BN350. A test section has been designed to allow a
series of pool fire tests to be carried out in the Small Water Leak Rig. The first test sec-
tion is installed in the Hig and the first test will be carried out shortly.

6.4 Instrumentation

6.4.1 ASD position monitor

The alternative shutdown (ASD! rods in CDFR are small absorber rods which are normally
supported within the fuel sub-assembly length but above the core by the flow from a Helical An-
nular Induction Pump. This pump can be stopped when shutdown is required. To reset the ASD
rods a mechanical grab is used. It is necessary for the operator to be able to confirm that all the
ASD rods are in the raised position before start up. To achieve this an ultrasonic system is installed.
The ultrasonic technique has been verified during full-scale water tests of the ASD system. Loca-
tions of the rod both in the primed and inserted positions were successful both with and without
cross-flow trom surrounding simulated sub-assembly outlets. In these tests, a low temperature
(relatively high sensitivity) PZT transducer was used and signal-to-noise ratios better than 27 db
were measured. The equipment was modified to allow drop time measurements to be carried out.
In this case, 1024 individual location measurements were carried out in about 5 s. These
measurements proved extremely successful and distance variations of about 2 mm could be resolved.
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The laboratory housing the water test facilities has now been reconstructed. A new image
display unit is commissioned and existing software is being amended. A computer inter-link system
is in full operation. This means that four mini-computers can share data and peripherals. The com-
puter has been updated to a PDP 11/73. giving a speed improvement of three or more.

New head electronics for the PFR Under-Sodium Viewer have been designed and built. This
development will improve signal/noise ratios and includes a 12-channel pulser and multiplexer, which
will allow all signals and control commands to be routed through a single cable. This will enable
the main electronics and computing to be removed to a more congenial position away from the reactor
top.

7. MATERIALS

7.1 Fabrication development

7.1.1 CDFR steam generator tube-to-tubeplate welding

Welding trials have been conducted using the CDM Orbital Welding Machine to optimize the
geometrical characteristics of the pintle to tube weld chosen for the CDFR steam generator. The
custom-built welding head has now made over 400 welds without any sign of malfunction or elec-
trical/mechanical breakdown.

The work was initially conducted on air-melted tube material using filler wire to the AGR boiler
specification. Optimization of the weld preparation and the welding parameters produced welds con-
taining 50% filler wire in the root; this would enable any solidification cracking problems to be over-
come by composition control. Weld geometry seems to be relatively insensitive to orientation, ver-
tical and horizontal tubes giving acceptable profiles with the same settings of welding parameters.
Contract materials are now available, consisting of swaged tubing ar.d pintles machined from a CDFR
forging (see 7.2.2 below), which seem to require little or no change in parameters. On the other
hand, use of welding wire to the CDFR specification significantly alters the fluidity of the weld pool
and will necessitate some change in the selected parameters.

7.7.2 Mechanical properties of Type 316 weld metal

Further progress has been made in a basic study of how the properties of 17%Cr8%Ni2%Mo
weld metal depend on the welding process employed, the ferrite content, welding position, degree
of restraint and the composition of the flux.

Weld metal deposited by the tungsten inert gas process (TIG) has been found to be some
20% stronger than the Armex GT reference manual weld arc (MMA) weld metal and in the same
category as the rutile coated MMA weld metal with a small niobium addition. On impact testing,
the TIG weld metal proved by a significant margin to be the toughest of any of the weld metals
examined, possibly because of the combination of fine grain size and a low incidence of inclusions.

7.2 Inspection development

7.2.7 Explosive welds

Major advances have been made in the inspection of explosive welds. The automatic ultrasonic
scanning techniques and equipment developed by SNL to test the brazed joints of the PFR evaporator
sleeving operations have been adapted to test the corresponding explosive welds. The technique
will distinguish between a metallurgical bond and a tight pressure contact, as evidenced by the good

correlation between NDT examination of a range of specimens and subsequent destructive
metallography. This NDT technique has now been adapted for production control, as well as for
'fingerprinting' the manufactured unit. An ability to detect small cracks in the ligaments between
tubes has been demonstrated using spark-eroded slots inserted in representative positions.

7.2.2 Pintle to tube fusion weld studies

Work has continued at KNL on the NDT techniques required to support the pintle weld con-
cept for tube-to-tubeplate attachment envisaged for the CDFR steam generator. This method re-
quires the use of extremely clean steel for the tubeplate, and forgings of electro-slag refined (ESR)
material have been purchased for this purpose. Using a modification of the CIRCE system developed
for PWR applications, an automated ultrasonic examination of the surface region of one of these
forgings was successfully accomplished which confirmed that it was extremely clean. No inclu-
sions or other flaws were detected with this equipment when using a sensitivity equivalent to a
0.5 mm flat bottom hole over the whole pintle volume. Specimens are now being machined from
a similar (CDFR) forging for metallurgical studies to see if inclusions exist with sizes and shapes
which are not detectable by NDT.

7.2.3 Inspection of austenitic welds

Studies have been resumed on the examination of fourteen deliberately defective downhand
manual metal arc (MMA) welds. Destructive examination of the specimens har-, been completed,
which confirmed that the AERE 'TOFT' technique which had been applied to thorn previously was
effective in sizing defects. The general conclusion of the first phase of the programme is that MMA
welds are inspectable. The work is now being extended to see whether other weld types of interest
to the designer and fabricator can also be inspected by ultrasonics.

In complementary studies at AERE, theoretical support has been given to this programme
by the development of a ray tracing model for describing the behaviour of ultrasonic waves in an
anisotropic inhomogeneous material. This seeks to quantify the distortion effects which occur when
an ultrasonic beam passes through such media, including the particular case of welds in austenitic
steel. If a satisfactory model could be developed, it would be possible to interpolate from the behaviour
of standard laboratory test specimens containing known defects and so predict how the detectability
of these defects would change with different orientations or grain structure.

Although these practical and theoretical approaches are both at a relatively early stage in
development, their combined potential augers well for the eventual realization of effective methods
for the volumetric inspection of welds in austenitic steel.

7.3 Mechanical and physical properties

7.3.1 Type 316 steel and weld metal

(a) Specifications

The current CDFR Type 316 specification was developed with the intention of producing a
steel with above-average properties of stress-rupture ductility and creep/fatigue endurance. Recent
measurements of hardness, microstructures and tensile properties showed considerable variation
from plate-to-plate, and even from one part of a plate to another, implying that thn effects of fabrica-
tion treatments can outweigh those associated with small changes in alloy composition. Such varia-
tions in properties may well prove to be larger than those caused by the different chemical com-
positions of Type 316L and CDFR Type 316 steel.
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(b) Deformation behaviour of Type 316 steel

Cyclic load-controlled deformation tests are being performed on Type 316 steel to establish
the maximum stresses that can be tolerated in plant without excessive ratchet strains or deforma-
tion occurring. Tests performed at room temperature (RT), 100, 200, 300 and 400°C have shown
that the allowable stresses may be governed by ratchet strain considerations at RT and 100°C 3S
well as by total strain considerations at 200-400°C. It is now planned to extend the tests to higher
temperatures where creep is likely to influence the behaviour.

(c) Creep/fatigue of Type 316 steel

Isothermal creep/fatigue tests are being performed to establish the thermal shock conditions
that can be safely tolerated in plant. It has been demonstrated that the introduction of creep into
the fatigue cycle reduces the endurance and that this behaviour is linked to the observed crack growth
pattern. Thus transgranular cracking occurs in the absence of creep but, when creep is introduced
into the cycle, crack growth is more rapid and takes place along the grain boundaries which are
weakened by creep cavitation. Recent tests at low strain range (0.35%) more relevant to design,
where the continuous cycling fatigue endurance is dominated by the crack initiation phase, have
shown that the introduction of creep into the fatigue cycle causes early crack initiation thereby
substantially reducing the endurance. The early crack initiation is thought to result from surface
grain boundary movement caused by stress relaxation that occurs under these conditions. Further
tests are now planned involving more creep per cycle to investigate whether a further reduction
in endurance is brought about by a combination of early crack initiation and grain boundary cavita-
tion effects.

(d) Irradiation effects

It has been shown under stress rupture conditions (mainly by DeBeNe workers) that when
a slow strain rate is applied to austenitic steel after the material has been modestly irradiated, a
significant reduction in life can occur. This behaviour has been attributed to the irradiation neutrons
transmiting the boron in r le steel to helium which weakens the grain boundaries. In Fast Reactor
permanent structures this effect is possibly of most importance in connection with creep/fatigue
(thermal shock). Since, however, there are strong links between the stress rupture and the creep/
fatigue behaviour, initially the UKAEA intend to study these irradiation effects by performing post-
irradiation stress rupture tests.

Further tests on samples of Type 316 steel and weld metal irradiated at 370°C in 0100/
PLUTO showed that doses beiow 2 dpa had a negligible effect on the initiation fracture toughness
and additional tests over a wider temperature range have confirmed these findings. These are now
being extended to include material irradiated in PFR: preliminary results have not revealed any ef-
fect of neutron spectrum üt the dose levels involved.

7.3.2 9%Cr1%Mo ferritic steel

(a) Cyclic crack growth in (N + T) 9%Cr1%Mo steel

Cyclic crack growth data on 9%Cr1 %Mo steel are necessary for the analysis of the significance
of defects in steam generator materials. Crack growth tests also offer an indirect method of assess-
ing the effect of creep on the fatigue endurance. Rapid cycling fatigue crack growth tests have been
performed which indicate thai the crack growth rate is virtually unaffected by variations in heat
treatment condition and microstructure. The results are therefore likely to be equally applicable to
thin section normalized and tempered (N + T) tubing and thick section quenched and tempered
tubeplates. A unique feature of 9%Cr1%Mo steel is that its fatigue endurance appears not to be
affected by creep. Creep fatigue crack growth tests on IN + T) material have shown that the in-
troduction of a dwell period has no influence on the crack growth rate, thus confirming the

creep/fatigue response of this material. A creep fatigue crack growth test on thermally aged material
(10000h at 525°C) has given an indication of an acceleration in the growth r.ite however, so it
is planned to investigate this aspect further.

(b) Thick section (Q + T) 9%Cr1%Mo steel programme

A compreh2nsive programme has begun to investigate the usefulness of thick section quen-
ched and tempered (Q + T) 9%Cr1%Mo steel for tubeplate application. The detailed development
programme has been approved by the various interested parties, and a start has now been made
in the experimental programme.

(c) Thermal ageing effects

Thermal ageing at 500/550°C for relatively short periods results in a marked deterioration
in impact properties, associated with the grain boundary segregation of solute atoms and with com-
plex micro-structural changes. However, after ageing for long periods, some recovery of properties
has been observed. Initial results suggest that thermal ageing has a greater effect on tearing resistance
than on the initiation fracture toughness.

7.3.3 Mechanical properties in sodium

At RNL, stress rupture tests in dynamic reactor grade sodium have been comp'eted on
9%Cr 1 %Mo steel to about 10000 h and on Type 316 steel to about 15000 h. For both steels, sodium
had little or no effect on either the stress rupture strength or ductility. Snorter term tests at CEGB/MEL
have given similar results on 9%Cr1 %Mo and Type 316 steels, but have confirmed German results
in showing reduced in-sodium rupture strength and ductility on Type 304 steel. 20000 h stress rup-
ture tests have been started at RNL but have been interrupted by loop failures. Outages are expected
to last 3-6 months.

7.4 Waterside corrosion

7.4.1 Corrosion in the absence of heat flux

To provide designers with a reliable corrosion allowance for superheater tubes in steam
generators, long-term isothermal steam oxidation tests are in progress on a variety of ferritic steels.
Some of these at test temperatures of 475° and 550°C have now reached = 50000 h. 9%Cr1 %Mo
and 2% %Cr1 %Mo steels behave somewhat differently, and detailed studies of the oxide corrosion
films are in.progress in an attempt to explain why this is so.

7.4.2 Corrosion in the presence of heat flux

(a) RNL model boiler test rig

The present experimental programme using 2'ACr 1%Mo (Nb) test sections is focussed on
possible adverse effects arising from the presence of various contaminants in boiler feedwater and
the implications these might have for the operation of PFR steam generators. In the previous test,
ammonium sulphate was selected as the contaminant in the belief that this would generate a strongly
acidic environment in the hot boiler water to demonstrate the kind of damage that could occur with
adverse water chemistry.

Sodium hydrogen sulphate was used as the contaminant in the second test which has just
been completed after =100 days. The intention was to create an environment li.-ss generally cor-
rosive than that produced by ammonium sulphate, but one more likely to causo localized pitting
attack. As in the previous test no significant hideout of salt occurred on a clean boiler tube at heat
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the drum water was salt hideout detected. This was found to be very dependent on heat flux. Most
of the hideout was concentrated in a region of the test section corresponding to the evaporator
inlet, where sub-cooled boiling is combined with peak heat flux, well away from the U-bend. A detailed
investigation of the test section is in progress to determine the condition of the oxide layer and the
underlying boiler tube.

(b) AERE mild steel loop

In a continuing study of the waterside corrosion of 9%Crl %Mo steel under realistic condi-
tions at high heat flux, two more 4000 h tests have been completed. In the first, the test section
contained a large number of spark-eroded defects to see what damage they would suffer at a high
heat flux of = 860 kW/m2 in the presence of acid sulphate. Post-test examination showed that
more extensive on-load corrosion had occurred than in an earlier experiment with the same environ-
ment but with a lower heat flux of 660 kW/m2. The second experiment, which has just been com-
pleted, used a test section in which the power input could be varied along its length so as to cover
the full range of heat fluxes in a PFR evaporator (0-1200 kW/m2).

7.5 Sodium compatibility

Sodium compatibility studies once more form part of the Materials Technical Area. They consist
of two main parts:

(i) Mechanical property studies, which are concerned with establishing the combined effects
of stress and adverse environments (caustic-sodium, zinc-sodium) on the mechanical
integrity of brazed joints, explosive welds and pipework material.

(ii) Mass-transfer studies which deal with the corrosion and deposition behaviour of steel
material in pumped sodium environments using both radioactive and non-radioactive
materials. Current studies are investigating the mass-transfer behaviour of stainless steels
in a low oxygen level sodium environment < 5 ppm, typical of that anticipated in large
sodium-cooled reactors, while the radioactive studies are concerned with establishing
the mechanism by which material is released from the corroding surface. In the event
of mal-operation of the plant and concomitant excursions in oxygen level, then it is
anticipated from earlier RNL work that corrosion products may deposit on heat exchange
surfaces. Studies are therefore in hand to investigate whether such products influence

the heat transfer properties of the underlying steel.

In addition, CEGB/CERL tests on 9%Cr1 %Mo and Type 316 steels under low stress/creep
conditions in sodium contaminated with sodium hydroxide have shown that whilst Type
316 steel is highly affected by interciranular cracking, 9%Cr1%Mo steel is resistant to
cracking, even in the as-welded state.

7.6 Tribology

Studies of the effects of sodium on the tribological properties of structural steels have con-
tinued by first exposing specimens to oxygen-containing sodium to produce a surface layer of sodium
chromite. The durability of the film was then tested by rubbing in flat-on-flat geometry until the
rise of friction coefficient indicated breakdown of the sod'um chromite layer.

The frictional behaviour of hard coatings, such as hard chromium plating and chromium car-
bide, has been examined in sodium as <. iunction of oxygen level to see whether and, if so, under
what conditions, films of sodium chromite form on the surface.

8. SODIUM CHEMISTRY

8.1 Acti"ity transfer in sodium circuits

8.1.1 Basic radionuclide transport studies

The Active Mass Transfer Loop at AERE has been used in a major investigation into the
transport and deposition behaviour of zinc (bulk level 10 ppm) in sodium circuits.

Initial observations suggest:

(i) greater deposition in the high temperature sections (stainless steel. = 500°C) of the
loop than in the low temperature (ferritic steel = 35O°C) region, pror to the cold trap;

(ii) a high sticking potential for zinc on stainless steel surfaces and high initial rates of deposi-
tion until surface saturation occurs;

(iii) strong accumulations of zinc in the loop cold trap; and

(iv) the deposition characteristics in (i) could be explained by a mechanism controlled by
zinc entering solid solution at the steel interface (with the equilibrium determined by
steel composition, sodium temperature, and zinc in sodium concentration) and then dif-
fusing into the steel substrate.

A comprehensive analysis of the experimental data is in hand and when completed will per-
mit the implications for PFR of zinc in sodium circuits to be assessed (iee also Section 8.4.3)..

8.7.2 Radionuclide distribution in PFR

A gamma scan of the base of the PFR reactor vessel was carried out during the shutdown
in December. Caesium was not detected in this scan, in contrast to all previous scans (the last in
November 1983), in which it was the major component. Its absence on this occasion may reflect
the long period of operation of the primary cold trap (= 160°C). Further information on the behaviour
of caesium will be obtained from routine scans of the reactor vessel base during subsequent shut
downs and will be fed into the emerging picture of activity distribution.

8.1.3 Metal solubilities in sodium

The AERE programme on metal solubilities in sodium provides basic data and some fundamen-
tal insight into solute interactions necessary for a detailed understanding of corrosion and mass/
activity transfer phenomena in loop and reactor operations. During the year, a solubility relationship
for cobalt in sodium has been established using radiotracer analyses. No effect of oxygen on the
solubility relationship was found, in agreement with theoretical predictions.

Work has started on measuring the equilibrium concentrations of iron, chromium, nickel and
manganese in sodium in contact with stainless steels (elemental solubilities have already been
established).

8.2 Impurity monitoring

8.2.1 Manufacture, development and performance of meters for sodium circuits

(a) Oxyge.1 meters (see also Section 2.5)

Mk MA sensors ('long' ceramic tube) have been produced routinely at AERE. A modified ver-
sion of the sensors with the upper end capable of operating at higher temperatures, has been con-
structed in which a metal-ceramic lead-in (Ferranti seal) is brazed into tho open, upper end instead
of the alumina plug and epoxy resin. This sensor is designated Mk IIB and will be tested at RNL.
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(b) Carbon meters

With continued development, the size and complexity of the analytical unit of the Harwell
Carbon Meter (HCM) has been reduced considerably, and its reliability and ease of operation have
improved markedly. A new model, designated Mk IV, has been designed and manufacture has com-
menced. This will be an automatic meter controlled by a microprocessor, without a manual option.
The main aims of this design are to improve accessibility for servicing and meter stability.

Manufacture of a prototype Carbon Trend Meter has commenced at AERE. This is a simplified
HCM without internal calibration, which will monitor changes in carbon activity in a system, rather
than absolute values.

During the year, HCMs have been supplied to PFR (one for the primary, the other for the secon-
dary circuit), to RNL and to ENEA Italy. An HCM on test at GE, Sunnyvale, California has performed
well, confirming the capability to measure carbon activities of 2 to 4 x 1O"1 at 524 °C. a level below
the resolution capabilities of the tab equilibrium technique.

At PFR, carbon activity in the primary circuit continues to be monitored by the installed HCM
when reactor operating conditions permit (temperature > 5OO°C). Activity levels indicated by the
meter during the year have been < 1OJ. The spare coil on the meter has also been used to deter-
mine hydrogen concentrations in the primary sodium (O.I 7-0.30 ppm). The meter on the secondary
circuit Cold Trap Loop has operated satisfactorily (carbon activity 2 to 4 x 1OJ <it 515°C).

(c) Oxygen/hydrogen meters

Electrochemical oxygen (one from AERE, two from CEGB-BNL) and hydrogen meters (from
CEGB-BNL) have been fitted to modules on the High Temperature Sodium Loop (HTSL), the
Mechanical Components Test Rig, and the Sodium Technology Loop at RNL. To date, data are
available only from the HTSL, where the oxygen meter has operated satisfactorily with outputs close
to theoretical values.

It is intended that the meters should be used in the development of cold traps, in addition
to continuing the programme of monitoring meter performance on large scale sodium test facilities.

8.3 Sodium impurity control

8.3.7 PFR cold trap loops

The basket in the secondary circuit cold trap loop was changed in mid year during a shut-
down period to ensure adequate cold trapping capacity in the ensuing period of 3-circuit operation.
No difficulties had been experienced with the trap during its operating life. Control of the trap on
the basis of oxygen levels measured by the oxygen meter rather than on plugging meter data im-
proved the rate of impurity removal. Trapping efficiencies for both oxide and hydride were close
to 100%. It is planned to examine the basket in detail to obtain information on the distribution of
sodium oxide and hydride.

8.3.2 RNL high temperature sodium loop cold trap

Three Risley Mark 3B cold traps were removed from the High Temperature Sodium Loop at
RNL when it became impossible to reduce the trap temperatures below 270° C before rapid blockage
occurred. The cold traps contained between 29 and 33 kg. the bulk of which was sodium monoxide
(= 70%), metallic sodium (28%) and carbon (0.5%) resulting from an ingress of lubricating oil from
the mechanical pump in 1981. The bulk of the deposition in all three traps had occurred at the bottom
of the outer cooling annulus with very limited deposit penetration into the Raschig ring filled mesh
basket. As a result, a wider outer cooling annulus and a surface 'flow past' system in the isother-
mal 'collection' region are being incorporated into a new Mark 3C trap for testing at RNL, with a
view to modifying the design as necessary to improve traoping efficiency and impurity ho(d-up.

8.4 General sodium chemistry/technology

8.4.1 OFR decommissioning

The current objective in this programme is that decommissioning should proceed to 'Stage
1' (removal of all easily removable activity). From the sodium chemistry viewpoint, two major tasks
have to be completed to achieve this objective:

d) disposal of the primary 70/30 NaK charge (571 containing = 20 kCi of 1]7Cs):

(ii) NaK cleaning of the primary circuit itself.

In December 1983. in a pilot operation, two 50 kg batches of primary NaK were processed
to NaKOH solution in the Disposal Plant which had been specially modified (addition of shielding
and inclusion of a chilling unit in the gaseous effluent water scrubber) to handle this material after
the successful processing of the last 501 of secondary NaK which was aho active but to a much
lower degree. After processing to NÖKOH solution, further plant modifications were carried out to
enable the pH and paniculate burden of the products to be corrected to comply with the Site Waste
Operations Group's acceptance criteria. In June 1984, the reaction products were conditioned (ad-
dition of 12N nitric acid) and transferred to the SWOG's plant.

Investigations are continuing into the viability of alternative routes (notably molecular distilla-
tion) for the caesium contaminant.

The last two formerly NaK wetted plant items outside the primary circuit, underground dump
tanks Nos 10 and 11, are being removed as low active solid waste.

8.4.2 Carbon in sodium

In FRDD Risley, a review of the consequences of ingress of carbonaceous materials (oils) in-
to sodium circuits has been completed. The intention was to focus on design and operating implica-
tions, in the CDFR context, and to relate R&D assessment requirements to these issues. It was con-
cluded that

(i) pump design should be such that the probability of lubricating oil ingress from pumps
should be very low, and should not exceed 5 to 10 litres in any one event;

(ii) there should be a rapid and sensitive detection system to identify oil ingress events, and

(Hi) there should be an effective removal system.

Systems for detection of oil/carbon ingress into sodium circuits of adequate sensitivity and response
time are available (gas chromatrograph in reactor gas blanket, carbon in sodium meters) that will
enable action to be taken in time to eliminate any risk to reactor safety and plant investment. There
is a feasible technique — hot trapping — which will enable carbon to be removed from sodium,
but its application may require that reactor operating conditions, especially temperature, are reduc-
ed for a time to avoid continued damage by carburization. Work is under way to assess trap size
and establish optimum operating conditions.

At CEGB-BNL, investigations into the carburization of austenitic steels in sodium caused by
leakage of pump lubricating oil have continued. At RNL, studies in this area are mainly concerned
with monitoring the chemical behaviour of carbon in sodium and the kinetics of carbon uptake by
exposed steels. The possibility of running one of the RNL loops with oil dripping into the sodium
is being actively pursued so that the chemistry of oil-sodium reactions, the carburization behaviour
of the reaction products, and the mechanical integrity of the carburized steel, can be examined under
realistic operating conditions.



Iifj investigations have been initiated at RNL to establish how the HCM rssponds to different
carbon sources (including oils) in sodium. The time for the meter to reach the maximum recorded
activity value was about 10 minutes (oil) but the actual time for the meter to give a response was
about one minute. Two carbon meters have recently been installed in series in the loop at RNL used
in these studies; one meter will operate at 650°C the othar at 550°C, so that response times can
be established for different temperatures of meter operation.

8.4.3 Zinc in sodium

A series of experiments has been completed at RNL to establish whether the enhancement
factor for zinc in sodium condensed on ferrous surfaces at temperature (325°CI varies with time.
With a sodium pool heated to 460°C and containing 6 ppm zinc, enhancement factors after 5 and
12 weeks for zinc in the condensed film were = 1 2 and = 1 1 respectively. After 12 weeks ex-
posure, zinc had penetrated to a depth of 0.2 urn, with surface levels of 2-5 wt%. Austenitic, fer-
,-itic and nickel foils immersed under sodium for 1500 h at 460°C showed zinc penetrations of 0.02
and 1 urn for the steel materials and pure nickel respectively. The conclusions and implications to
be drawn from the penetration data relate to materials behaviour and are reported in that section.

8.4.4 PFR gas blanket monitoring

Gas chromatography of the reactor gas blanket has shown significant increases in helium
levels on start-up (from 1 to 3 vppm at shutdown to about 30 vppm at power over an 8 day period).
The level then reduced during subsequent reactor operation. The source of the helium has not yet
been established, but is possibly associated with boron decay.

Gamma spectrometry of the blanket showed increases in the n lXe and m Xe levels on two
occasions during the year, indicating a small cladding failure. The Delayed Neutron Monitor location
loop traced the defective sub-assemblies without difficulty on both occasions.

8.4.5 Activity release to the PFR irradiated fuel buffer store water

"Co and 54Mn fevels in the water have remained generally below detection limits. However,
a sudden increase in the "'Cs level was noted at the end of October following a partial dump and
refill of the pond water in an effort to reduce activity levels. This was followed by a continuous
steady increase throughout November and December.

8.5 Sodium cleaning and decontamination

8.5.7 PFR fuel charge machine

The Mk II charge machine was sodium cleaned and decontaminated in March in preparation
for routine maintenance. Activity levels were slightly higher than those recorded on the previous
occasion (1980); the l37Cs level was = 1200 cps compared with 1000 cps in 1980. The highest
"'Cs levels were found in areas which had been lubricated with a carbon-based material prior to
installing the machine in the reactor after maintenance in 1980. The charge machine was dismantl-
ed, refurbished and returned to service without difficulty.

9. CORE AND FUEL

9.1 PFR experience

9.1.7 Irradiation achievements and targets

PFR Run 8, which occupied much of 1984, added 90 equivalent full power days (efpd) to
the accumulated core exposure, bringing the total to 511 efpd. The highest burn-up and dose levels
at that time (November 1984) in pins clad in various alloys and in the various wrapper material types
are given in Table 1.

TABLE 1

Highest burn-up and dose levels attained in PFR at Reload 8
(c.w. = cold worked; S/T/A = solution treated)

Material

c.w. M316 clad pins

S/T/A PE16 clad pins

c.w. FV548 clad pins

Pins containing re-cycled Pu

c.w. En58B wrappers

S.'T/A PE16 wrappers

Fetritic/martensitic wrappers

Radial blanket pins

Sub-assemblies
Burn-up

<%l

10.7

9.2

8.7

4.1

-

1.2

dpa

(NRTI

79

61

50

27

57

79

14

25

Burn-up
<%l

12.5
12.4

7.1

12.5

-

-

-

-

Clusters
dpa

(NRT)

30 (lead pins)
65 (standard pins)

37

39 (lead pins)

-

-

-

Figure 1 shows the burn-up histogram of standard driver charge fuel at the end of Run 8.
There have been no pin failures in the driver charge.

Core changes at the end of Run 8 will permit an increase in peak burn-up to 11.4% in stan-
dard fuel and to 14.7% in a fuel cluster during the next 90 day run. A sub-assembly containing
pins clad in Nimonic PE16 will reach 11% burn-up. New designs of sub-assembly loaded for Run
9 are the CDFR Advanced Design, 0163-series, and the high burn-up Mark II Driver Charge design,
0149HB-series. The former is a grid-spaced, 265-pin design incorporating a number of features such
as a ferritic steel wrapper and Nimonic PE16 pin cladding which, it is believed, will lead to high burn-up
(in excess of 15%) without failure, but is as yet unendorsed. The high burn-up Mark II Driver sub-
assembly has pin plena of the longest length which can be accommodated without modification
of the basic sub-assembly design, and is the latest and possibly the ultimate development of the
original 0101 series 325-pin design style. Also loaded for the first time are

(a) a cluster of pins which have been pierced to release fission gas and reseated, to ex-
pedite early achievement of burn-up levels around 15%; and

(b) a materials irradiation rig with its operating temperature controlled by a heat pipe to give
constant temperature irrespective of variations in reactor operating conditions.

9.1.2 Post-irradiation examination

Post-irradiation examination of sub-assemblies discharged at Reload 7 (late 1983) has raised
the maximum burn-up and dose levels at which data are available to 9.5% and 57 dpa (NRT) respec-
tively. Non-destructive examination of high-dose pins and sub-assemblies has confirmed that best



estimate swelling and creep rules derived from measurements at lower dose levels still apply: thus
c.w. En58B wrappers continue to show distortions indicative of low void swelling, while S/T/A
Nimonic PE16 wrappers show distortions indicative of somewhat higher swelling.
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FIG. 1 : Estimated burn-up statistics of PFR fuel pins at the end of Run 8
(based on a 90-day run)

Continued monitoring of sub-assembly and guide-tube behaviour has revealed further examples
of the consequences of differential void swelling; localized wrapper bulging at grid locations has
previously beer, reported. Instances of grid leg bowing in stainless steel (but not in Nimonic PE16)
wrapper/grid leg combinations, and BPD take-off pipe contraction relative to the guide tube have
also been seen. These illustrate the capacity for diversity in swelling characteristics within well-
specified materials. No new distortion manifestations or mechanisms which would limit sub-assembly
endurance have emerged.

Further data on fission-gas release have reinforced the trend, reported earlier, for the gas
release fraction to increase with burn-up, but a levelling eff at 50-60% of theoretical release at burn-
ups in excess of 7% is indicated by recent results. It is recognized, however, that the reduced levels

of reactor power prevailing during the irradiation of the pins so far examined inhibit gas release,
and release fractions of 70-80% of theoretical must be expected in reference driver charge pins
irradiated at design ratings.

Internal corrosion has followed the pattern seen in DFR fuel pins, '«here the depth of clad
penetration appeared to be related to the square root or some lower power of burn-up. It is encourag-
ing that lead pins, irradiated at linear ratings comparable to the design ratings of reference pins,
have shown no evidence of corrosion enhancement when compared with (/river charge pins, offer-
ing the hope that internal corrosion levels in the driver charge will continue to remain low following
restoration of full power reactor operating conditions.

9.7.3 Progress towards high burn-up

The attainment of 10.7% burn-up, associated with a damage dose of 79 dpa (NRTI in a driver
charge sub-assembly, and of 12.5% burn-up in DMSA cluster pins in 1984 are notable milestones,
made all the more significant in that they were achieved under conditions of sustained high power
reactor operation during Run 8. The achievement o< 9 .1% burn-up in pins clad in Nimonic PE16
is also encouraging, since this cladding type is the reference material for CDFR advanced pin designs.

The experience to date is sufficiently promising to justify exploration of sub-assembly behaviour
at higher burn-up until a realistic exposure limit is identified. Standard driver assemblies will, therefore,
be allowed to remain in the reactor to progressively higher burn-up levels. The burn-up advance
in Run 9 will be small in sub-assemblies, from 10.7 to 11.4% maximum assuming a 90 efpd run,
but cluster pins will reach almost 15% burn-up. It is proposed that sub-assembly fuel burn-up be
raised to about 12.5% in Run 10. Further action must depend upon events in Runs 9 and 10; but
progress towards 13.5% in sub-assemblies and 17.5% in clusters will be attempted if intermediate
non-destructive examination results are favourable.

Extension of the nominal burn-up limit of the driver charge beyond these levels may depend
on the substitution of Nimonic PE16 or the niobium stabilized austenitic steel HL 548 for the reference
M316 cladding, a step requiring some fabrication development in both cases. Exploitation of more
sophisticated cladding alloys, relying on dispersion hardening to obtain the required creep resistance,
will be reserved for advanced pin designs.

9.1.4 Fuel and pin modelling

The two fuel modelling codes, FRUMP-P3 and TRAFIC continue to be used in parallel, but
development work is confined to the latter, which is scheduled to supercede FRUMP in all but a
few specialised areas. TRAFIC is being endorsed against irradiation data from DFR, PFR and EBR-2.

Work on operational power changes has shown that important fuel/clad mechanical interac-
tions could occur when high smear density fuel is irradiated to high burn-up within a low swelling
cladding. An MTR experimental programme to investigate endurance limits under such conditions
has been formulated. In preparation, TRAFIC has been modified to describe plastic deformation,
taking account of strain- and irradiation-hardening and of recovery.

9.7.5 Absorber development

Two routes towards the objective of improving the performance of absorber pins by exten-
ding their life are being pursued:

(a) The performance of pins from operating control and shut-off rods in PFR is being assessed
by post-irradiation examination.



| |2 'W Model pins and capsules are being irradiated in DMSA clusters, with the principal aims
of providing data on boron carbide at high boron burn-up and studying the effects of
large pellet/cladding gaps (giving high pellet centre temperatures) on pin performance.
A gap of several percent of the diameter will be necessary to accommodate pellet swelling
in long-life rods - the initial CDFR target burn-up being 10% of boron atoms.

Current experience of performance from model pins or the pins from operational rods is limited
to pellet/clad gaps of about 1% and a total boron burn-up of 4% (acquired in 183 efpd). Post-
irradiation examination showed that this was close to the operating limit if pellet/clad interaction
and closure of axial clearance are to be avoided. These conclusions will be checked when similar
pins from a control rod exposed for 270 efpd are examined in 1985.

A bottom-vented model B4C pin, having a copper-lined Nimonic PEl 6 clad with a 1.1%
pellet/clad gap, was withdrawn from PFR for examination after an exposure of 118 efpd (2.8% burn-
up of total boron). The maximum pellet and cladding strains were 1.5% and 0.4% respectively.
The BORCON computer model gave reasonable, but not exact, representation of the axial varia-
tions of both burn-up and stress. Irradiation of a half core length bottom-vented model CDFR con-
trol rod pin, loaded into PFR at Reload 8, is scheduled to endorse the CDFR design; the pellet/clad
gap in this pin is about 5% diametral, which should accommodate the swelling associated with 10%
burn-up of boron without interaction.

Supporting laboratory work has been largely completed, with compatibility data defined for
both Nimonic PEl 6 and M316 stainless steel cladding and with out-of-reactor model pin tests now
terminated. There are good indications from loop experiments in flowing sodium, also completed,
that B,C erosion rates from a cracked control pin will be acceptably low. The outstanding item of
support work is an investigation of the thermal creep of boron carbide.

9.2 CDFR fuel development

9.2.1 Restrained core studies

Restrained core analysis and development have continued with the experimental models CHAR-
DIS (CHARge-DIScharge) and CRUPER (Core Restraint Uni-Planar Experimental Rig) giving support
to the analytical code CRAMP. At the IWGFR Specialists' Meeting on 'Predictions and Experience
of Core Distortion Behaviour'; held at Wilmslow in October 1984, an analysis of the CDFR restrain-
ed core at high burn-ups was presented which showed that Nimonic PEl 6 wrappers having the swell-
ing characteristics exhibited in PFR would not be suitable for fuel burn-up in excess of 10%. Low
swelling ferritic wrappers were shown to be acceptable up to about 15% burn-up and possibly
beyond, although a reservation was expressed on the possibility of flow-induced vibration affecting
the loose core produced with wrappers which creep but do not swell. Substantiation of the swelling
characteristics of these materials at high doses, as well as further evaluation of the behaviour of
low swelling cores at higher burn-up, will be required.

At the Wilmslow Specialist Meeting an IWGFR-sponsored comparison or verification exer-
cise was recommended on core performance codes, and the UK offered to organize this, given IWGFR
financial support. An important part of this would be a comparison of CRAMP with the Japanese
code ARKAS which, of the currently available codes, is perhaps nearest to the UK code in technical
accomplishment. Code verification/validation exercises using performance data from several operating
Fast Reactors would also be invaluable.

In 1984 significant progress was made in the development of CRAMP and in its application.
The main achievements were:

— the full incorporation of CRAMP into the COSMOS system in support of PFR Operations;

- improved understanding of the CHARDIS and CRUPER facilities, with an important break-
through in understanding the problems of dealing with friction; and

- a start to the enlargement and updating of the CHARDIS rig, with completion (to give
CHARDIS II) planned for June 1985.

Seismic calculations have been completed which evaluate an upper bound to the possible
reactivity gain of the core in response to excitation by the lateral component of an SSE. The analysis
takes account of the fact that the dominant frequency component suffered by the CDFR core sup-
port structure is considerably lower than the natural frequencies conferred on the full sub-assemblies
by the restraints at the upper and lower restraint planes. Experimental verification is proposed. The
experiment will comprise a single row of 36 one-fifth scale model sub-assemblies having the same
dynamic properties as a complete sub-assembly plus restraint parts which can be pre-set at the
stiffness and collapse load appropriate to different radial positions.

9.2.2 Thermal hydraulic studies

Wrapper bulging in PFR has been modelled using the SABRE thermal nydraulic code. It has
been shown that no significant clad overheating is to be expected at currently observed levels of
bulging.

The application of SABRE to the novel situations presented by wrapper bulging and the grid/leg
bowing observed in PFR raised the question of the validity of the results. A limited coolant flow
distribution and coolant mixing experiment has, in consequence, been carried out using a full-sized
sub-assembly. Evaluation of the results using SABRE showed quite good agreement, thus enhanc-
ing confidence in the capability of thermal hydraulics codes to mode! this type of distortion.

The PHOENICS general purpose thermal hydraulics code has been invaluable in revealing the
detailed flows and temperatures in many items of plant. Its use to investigate detailed three-
dimensional flow patterns and velocity distributions in the CDFR diagrid has identified regions of
excessively high velocity transverse to some of the fuel element support tubes giving rise to a potential
vibration problem in components intended for service over a reactor lifetime. A possible modifica-
tion of the configuration of the primary piping exit holes has been shown by PHOENICS to offer
a solution to the problem. An experimental investigation of vibration effects in the CDFR diagrid
support tube array, to produce data for code validation, has begun.

A test section for examining the flow distribution, pressure drop and cavitation behaviour
of the internals of the support-tube and sub-assembly is being built.

9.2.3 Advanced fuel development

The starting point for CDFR fuel development is the reference sub-assembly design, a 325-pin
bundle of 5.8 mm dia. pins, clad in c.w. M316 stainless steel, spaced by honeycomb grids in a
S/T/A Nimonic PE16 wrapper. This design reproduces the wrapper and pin radial dimensions, pin
support style and major material combinations of the PFR driver charge and there is reciprocal benefit
from improvements in either design. Thus, the line of development being pursued on the PFR driver
charge, based on relatively well established materials, will provide endorsement of the CDFR design
to either 13-15% burn-up or 11.5-13% burn-up depending, respectively, on whether clad creep
(which depends on burn-up) or clad swelling (which depends on dose) determines the fuel endurance.

Further increase in exposure limit must rely on the introduction of stronger, more swelling-
resistant cladding alloys and low swelling wrapper alloys. An additional list of potential reference
alloys has therefore been drawn up for investigation and work is in progress to define commercial-
scale fabrication routes capable of producing high quality components behaving consistently in ser-
vice and to evaluate performance limits against design requirements. Among the additional alloys
considered for study are:

- c.w. M316-Ti (c.w. P316). a titanium-stabilized varient of M316 which is potentially
stronger and more swelling resistant;
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- c.w. FV548, a niobium-stabilized derivative of AISI Type 316 steel, more swelling resis-
tant but exhibiting lower creep strength, which was strongly represented in early PFR
sub-assembly experiments both as cladding and as wrappers;

- HL548, which is basically FV548 with the minor element concentrations tailored to con-
fer improved microstructural stability and creep strength without sacrifices of swelling
resistance, and which is strongly represented as cladding in high burn-up driver charge
sub-assemblies, with wrapper application planned;

- c.w. 12R72HV, a 15%Cr, 15%Ni titanium-stabilized steel featured as both cladding and
wrapper material; and

- c.w. 321, which was the reference wrapper alloy in PFR and which has been retained
on a substantial level in later core loadings by virtue of its observed swelling resistance,
but which is judged to be too weak, for cladding application.

Sub-assemblies incorporating these alloys (HL 548 exceptedl already exist and comparative
data on the behaviour of the materials will inevitably be acquired over the next four years. In addi-
tion, the same materials figure extensively in the comprehensive materials programme, undertaken
in DMSA clusters, originally proposed. These programmes have been critically reviewed in the past
year, principally to take account of revisions in performance targets, with the result that HL 548
and Nimonic PE16, which is one of the original reference alloys, retain major developmental status.
The remainder were discarded on the grounds of inadequate potential, principally because of
microstructural instability on long exposure at high temperature, the resultant metallurgical changes
being linked with loss of swelling and creep resistance.

Forward materials irradiation programmes have been entirely revised. Samples of the recom-
mended alloys are being loaded into DMSA clusters, including some of heat-pipe design, in suffi-
cient numbers to allow evaluation of the effects of composition and of fabrication route variability
within specification limits, and of the effects of temperature and temperature changes, dose and
dose rate as well as alloy type on swelling and creep. The superseded alloys will be eliminated from
the programme as quickly as possible.

So far, accelerated swelling rates at high doses have not been observed, either in PFR com-
ponents or in materials experiments suggesting that a threshold for breakaway swelling is beyond
70-75 dpa. However, some somewhat ambiguous DFR data and overseas information suggest that
swelling rates could become unacceptable in austenitic steels, even in variants carefully modified
to give swelling resistance, at doses beyond 100 dpa, and such alloys may be incapable of sustain-
ing burn-ups as high as 15% even in gridded pin arrays which are tolerant of clad swelling. There
is some confidence, on the other hand that, from the swelling standpoint, 15% burn-up is likely
to be well within the capacity of pins clad in Nimonic PE16.

It is encouraging that irradiation creep data have begun to emerge from PFR materials tests,
and it is gratifying that early results (Fig. 2) obtained at 15 dpa at 500°C are confirming the creep
rate ranking established in the DFR programme.

Mechanical testing resources have been concentrated principally on more advanced claddi:-j.
but definitive equations describing the thermal creep of c.w. M316 and c.w. FV 548 tubing have
been derived and data for S/T/A Nimonic PE16 have been obtained. As forecast, c.w. FV 548 is
significantly weaker than c.w. M316 and merits no further crnsideration for high burn-up cladding
applications. However, in stress ramp tests (Fig. 3), HL 548 is showing much improved creep
resistance and S/T/A PE16 is continuing to show very high creep strength.

In the longer term, more advanced alloys need to be developed. Provided the grids are com-
pliant and are fabricated from a material similar in properties to the wrapper alloy, the grid-spaced
sub-assembly design allows the pins and the wrapper to co-exist as effectively independent entities
in which a significant degree of differential swelling can be tolerated. Different wrapper and clad-
ding alloy specifications can therefore be contemplated. The dominant characteristics of cladding
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FIG. 2: Creep strains from Rig

must be:

(i) high creep strength, retained during long term exposure at high temperature under
irradiation, in order to minimize plenum length and/or clad thickness;

(ii) low but perceptible swelling throughout service life, in order to relieve fuel/clad interac-
tion stresses arising during power changes or transients; and

(iiil a minimum level of fracture toughness to preclude fast fracture due to transiently high
stress.

The essential requirement for the wrapper, on the other hand, is dimensional stability, a very
low or zero swelling material being sought in order to restrict interaction stresses in a restrained
core. High mechanical strength is desirable, but not mandatory, although a minimum level of frac-
ture toughness at high irradiation damage doses must be assured to prevent rupture initiation during
shock loading in service or during charge/discharge operations.
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FIG. 3: Creep strengths of candidate clad alloys

With these criteria in mind, the following alloy types have been selected for further
development:

S/T/A Nimonic PE16
c.w. and annealed Nimonic PE16
Fer/iiic alloys

Dispersion-hardened alloys
(20/25/TiN. ferritic/TiN. ferritic/
oxide)

c.w. HL 548

cladding

cladding, possibly wrapper

wrapper

cladding

cladding or wrapper

10 . SAFETY

10.1 Fuel failure

10.1.1 PFR/TREA T programme

Thirteen of the tests planned in the PFR/TREAT collaborative programme were completed.
The programme of transient tests in the TREAT reactor has been suspended throughout 1984, while
priority USDOE tests on alternative fuel pins were conducted, following cancellation of the CRBR
project. The reactor is also being refurbished and up-graded in power. Future USDOE interest in
the fuel-clad combination used in the PFR/TREAT programme is therefore under review and USDOE
is currently formulating a much smaller test matrix for discussion.

In the CABRI programme, three Transient Overpower (TOP) tests were performed during 1984
bringing the total to twenty-two. The first of the 1984 tests completed the schedule on intermediate
irradiated pins I I % burn-up) and was designed to show the influence of a hot dry clad on failure
and the effect of fuel vapour on fuel motion. The second was on a fresh fuel pin and employed
an intermediate reactivity ramp to simulate a faster PFR/TREAT TOP. Contrary to expectations, the
pin did not fail, and it provided the first evioence in either of the transient programmes of fuel slip-
page within the clad after initial contact had been made. The final test of 1984 was a straightfor-
ward CABRI fast TOP test on the first of the more highly irradiated pins (= 4% burn-up) and marked
the start of the third and concluding phase of the current CABRI collaborative test programme. Data
from these tests (total of 10) will permit comparisons with fresh and intermediate irradiated fuel.
Completion of the testing is expected during 1986.

10.1.3 Analysis of test results

By the end of 1984 fuel pin failure had been analysed for all the PFR/TREAT experiments
using the TRAFIC and PINEX-AR cudes at AEEW. Sodium boiling in the transient undercooling with
overpower (TUCOP) tests has been modelled using both the 1-D and 3-D versions of the SABRE
code. In the CABRI programme, the PINEX-AR and NASLIP codes have continued in use to analyse
coolant boiling propagation, cladding dryout and fuel pin failure.

Analysis of the post-failure behaviour of the PFR/TREAT and CABRI fuel failure tests has con-
tinued. In the CABRI programme, pre-calculations have been succeeded by real case calculations
on a TUCOP test on fresh fuel. After initial inconsistencies with other codes were rectified, the SIM-
MER code predicted upward fuel motion similar to that observed in the experiment.

In the PFR/TREAT programme, SIMMER calculations have been completed on the first 7-pin
bundle test — a fast TOP test on fresh fuel. They predicted fuel dispersal after failure and a reduc-
tion in the reactivity worth, both qualitatively similar to the experimental results deduced from the
hodoscope. Analysis of the corresponding TOP test on irradiated fuel is now in progress, and will
be followed by analysis of the four TUCOP tests which explored the effect of different channel
power/flow ratios.

These attempts to analyse test behaviour with the SIMMER code have shown up some of
tfie limitations of the code in the fuel pin and failure representations. It is intended to modify and
develop this aspect of the modelling in the light of test experience.

Work on development of the TRAFIC code has continued at AERE. The description of the
basic methods used in constructing the code has been revised and extended and a users' manual
has been issued. An alternative method for treating molten fuel within the fuel pin has been added.
This new model, MINIMOT, calculates the expansion of the molten fuel from thermal and bubble
volume changes and self-consistently the pressures in the molten cavity. MINIMOT is more effi-
cient than the dynamic fuel motion model AFMOT when fuel motion is relatively slow or there is
a closed cavity containing molten fuel.

10.1.4 The SCARABEE-N programme

The primary benefit to the UK in collaborating in this extensive programme of testing in the
reactor operated by the CEA, is to gain information on the behaviour of large (19 and 37-pin) clusters
over a wide range of extreme sub-assembly accident conditions in order to validate codes and
methods for these more prototypical bundle sizes. To date, four experiments including pump run-
down and instantaneous inlet blockage have been carried out. Five UK staff are based at Cadarache,
assisting in the design, operation and analysis of these experiments. Examination of the data is now
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in hand at AEEW to extend the methods already being used in the analysis of the CABRI and
PFR/TREAT programmes. Additionally, a separate but closely related out-of-reactor experimental
programme is being undertaken at AEEW commencing with a study of molten fuel movement within
pin geometries and the UK will take the lead in the planning and analysis of these.

10.2 Sodium boiling

10.2.1 Boiling codes and analysis

Development of the SABRE code at AEEW for the calculation of single and two-phase flow
in rod bundles has continued. A 'benchmark' comparison with the French THEBES code has led
to some general modelling improvements in SABRE. In addition, the existing homogeneous boiling
with slip model has been found to be inadequate in low flow regions, where the phases may not
flow in the same direction and has been replaced with a multi-fluid model.

Work on the application of the code has included a study of the early part of a PFR/TREAT
transient, in which bubble growth and collapse occurred. The code predicted a repetition frequency
in good agreement with experimentally measured flow oscillations, giving confidence in the general
physical modelling used in SABRE. In addition a series of calculations has been completed with the
SABRE code to investigate the effect and detectability of internal dockages in Fast Reactor sub-
cssemblies. The calculated pin bundle exit temperature distributions have been used as input to
the STATEN code of the CEGB and it was demonstrated that this type of boiling blockage should
be detected using temperature noise before the onset of boiling.

10.2.2 Laser-Doppler studies at AERE

Laser-Doppler Anemometry has been used to study the velocity and turbulence structure in
simulated Fast Reactor pin bundles with a partial blockage. This is more than adequate for com-
parison with the SABRE code. The comparisons are not yet complete, but apart from difficulties
in establishing the entry flow conditions, the overall agreement so far is good.

10.2.3 Low power sodium boiling experiment

This investigation (SOBOB) is concerned with sodium boiling phenomena at decay heat level
power. Tests involve a 19-pin bundle, prototypical of the CDFR design, to be installed in a test sec-
tion on the High Temperature Sodium Loop (HTSL) at Risley. Design of the SOBOB rig is progress-
ing satisfactorily and is nearly complete for the first series of dryout tests, but that for the natural
circulation test is in abeyance until a more detailed experimental specification has been issued.

Development of techniques to manufacture and assemble the pin bundle are progressing well
at SNL. Tests on five prototype heater pins in sodium in a CEA Loop at Grenoble demonstrated the
reliability of the basic pin design but revealed shortcomings in the method of fixing thermocouples
to the pin. Alternative thermocouple attachment methods are being investigated at Risley.

10.3 Fault detection

70.3.7 Temperature noise studies at Risley

Monitoring the temperature fluctuations in the coolant at the outlet of a sub-assembly is a
possible technique for the early detection of an anomaly (such as a blockage) in the fuel pin bundle
of a Fast Reactor. Experimental work on the generation, transport and dissipation of temperature
fluctuations in the region between the pin bundle exit and the sub-assembly outlet is being carried
out at Risley using a water rig. Mean and turbulent velocity profiles and temperature profiles have

been measured for different initial mean temperature profiles. Currently, correlation measurements
are being made to determine length scales of the turbulence. The results will be compared with
theoretical results obtained using eddy diffusivity and Monte Carlo techniques.

Ultrasonic transducers capable of withstanding the Fast Reactor environment (CDFR core
outlet temperature, 600°C) are under development in several national laboratories. Five such
transducers have been purchased from CEN, Grenoble and two are being tested in sodium at Risley.
Results so far are encouraging.

10.3.2 Temperature noise studies at CEGB, Berkeley

Three papers were read at the IAEA Specialist Meeting, held in Bologna, on temperature noise
monitoring. These covered theoretical modelling, evaluation of decision making methods and response
measurements on CDFR coaxial thermocouples made on the Berkeley No. 4 Sodium Loop. A paper
on recent modelling work was also presented at the Liquid Metal Boiling Working Group.

10.3.3 Acoustic detection of boiling

Studies at Risley are under three headings, (i) determination of the signal, (ii) determination
of the background noise against which the signal will have to be detected in a reactor, and (iii)
development of signal processing techniques to obtain maximum sensitivity with low spurious trip
rates.

The main source of information on the boiling signal has been the KMS series of collaborative
experiments at KfK, Germany. Analysis of acoustic signals from these experiments, in particular
the KNS 3 experiment, in which boiling (sufficient in some cases to cause vapour ejection) was
produced by flow reduction in a 37-pin electrically heated bundle, has continued. These studies con-
cluded that vapour ejection should provide signals sufficiently large for a satisfactory trip system;
local boiling should be detected by a diagnostic system and warning giver.

Background noise will be determined from measurements on PFR with some adjustment for
known differences. A computerized data collection system, the PFR ADAC system, is installed and
the long-term objective is to be able to say how the spurious trip rate would vary with trip level
and to provide information from which techniques to discriminate between signal and background
can be developed. Techniques for discriminating the signal for boiling, based on filtering to monitor
high frequencies or an amplitude analysis to detect an increase in the pulse rate, have been developed
over the years and form the basis of the measurement system in PFR. One of the most promising
techniques is the orthogonal beamformer. This provides a means of detecting a new source and,
additionally, it generates the weights to be applied to the outputs in order to optimize its location.
A suite of programs which implement this technique has been provided by Topexpress Ltd., and
work has begun on modifying these for testing at Risley. Data sets obtained from preliminary ex-
periments in a water tank using the 1/2-scale core model are available for these tests.

A small collaborative agreement with PNC provided recordings on magnetic tape of data from
the MONJU water model in exchange for information on the basic delay and shift beamformer. The
MONJU data are being examined to 3ssess the possibility of locating sources in a reactor.

10.3.4 Failed fuel detection

The UK were invited to attend the SILOE loop progress meeting in November 1984. The results
of two fuel failure experiments were presented; a blanket pin experiment and a core fuel pin
experiment.



11g Two fuel failures occurred on PFR during the year. Detailed monitoring of these failures
provided further valuable experience on the development of fuel failures, in the variation (non-linear)
of delayed neutron signal with reactor power, and on the nature of the transient delayed neutron
signal spikes (typically a factor of 2 increase). Of particular value was a controlled power/flow reduc-
tion, in which the transients in the DN signal (both with the PFR location loop and the IHX bulk
system) were clearly related to small power/flow changes.

10.3.5 Computer-based sub-assembly temperature protection system IISAT)

The ISAT system, developed in collaboration with NNC and Plessey Control Ltd., has been
installed in PFR to enable it to operate in a passive, monitored role to evaluate its performance in
an operational environment. The experience from this exercise over the next few years will be of
considerable value in assessing the overall reliability of the system, and in pointing the way to possible
changes which might be appropriate in the light of the performance obtained.

10.3.6 Pulse-coded logic (PLCI trials

A 14-parameter demonstration system has been connected to the AERE reactor DIDO for
most of 1984. Some minor teething troubles were experienced in the interface between the ex-
isting (relay) safety system and the PCL demonstration system. However, these have been resolv-
ed and the performance can be regarded as satisfactory.

A collaborative programme of work at AERE and AEEW to construct a completely new safe-
ty logic system for DIDO, consisting of two diverse sub-systems (relays and PCL) is well advanced
and is expected to be completed during 1985. Parts of the programme of particular significance
to the Fast Reactor development are:

(i) interfacing of PCL to instruments;

(ii) interfacing of PCL to control rod electromagnets;

(Hi) reliability assessment and independent vetting of (i) and (ii);

(iv) feedback from operational experience of testing, maintenance and general reliability
under operational conditions, extending over the next five years or so.

10.4 Energetic molten fuel-coolant interactions (MPCI)

70.4.7 Studies at AEEW using thermite generated molten UO2

(a) Experimental studies in the Molten Fuel Test Facility (MFTF)

The first series of experiments in MFTF, a study of the effect of melt mass scale on steam
explosion characteristics, was completed in March 1984 after delays caused by the need to repair
damaged rig equipment. Although the results apply specifically to UOj/water MFCI, they may also
be significant to LMFBR safety issues. The independence of scale and interaction efficiency, if
applicable to UO2/sodium interactions, would imply that only very small MFCI yields need be con-
sidered. This would apply particularly to sub-assembly accidents, where the masses of fuel which
might be involved fall within the range of fuel scale covered by these experiments. An influence
of system pressure on the fraction of the melt participating was noted and is thought to be caused
by the effect of coolant vapour production on melt/coolant mixing. This could be expected to have
a more significant effect with a water rather than a sodium coolant.

After installation of extensive new equipment and instrumentation, a new series of experiments
began in July 1984 for studying the processes involved in melt/water mixing. This work employs
24 kg melts in a vented pouring mode of contact with water in an instrumented mixing vessel. The
series will involve some twenty experiments and is expected to be completed by September 1985.

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

After completion of the melt/water mixing studies, the MFTF will be converted to undertake
a programme of sodium-based operations, which are expected to begin in November 1985 with
a series of pool experiments to investigate fuel mass scale effects in UOj/sodium MFCI. These ex-
periments will replicate earlier work carried out at small scale using 0.5 kg melts, but with 25 kg
charges, giving a fuel scale increased by a factor of 50. More complex experiments, to investigate
the potential role of MFCI in sub-assembly fault propagation, are expected to begin in mid-1986.
This work will be conducted at full fuel melt mass scale of up to 24 kg, in realistic conditions within
test sections which will model fer'ures of the sub-assembly at full scale. Detailed proposals for
the sub-assembly experiments are in preparation.

70.4.2 Collaboration between AEEW and CEN Grenoble

The CORECT 2 facility at Grenoble is used to study the thermal interaction between molten
UOj and sodium in a shock tube mode of contact which models the inertial constraint present in
a power reactor. The method of heating U0 ; limited its temperature to just on its melting point and
it was agreed that AEEW would develop their standard U/MoOj thermite charges so that they could
be used as sources of molten UOj in the CORECT 1 rig. This would provide UO, at about 400°C
above its melting point. Manufacture and development of two such charges were completed early
in 1984 with experimental demonstration that U0 ; could be successfully poured in the geometries
required by CORECT. This work also demonstrated the safety of the containers proposed for transpor-
ting the charge to Grenoble and the special transport clearances required v/ere obtained from the
UK and French authorities.

10.4.3 Film boiling investigations

The AEEW experimental study of untriggered and triggered collapse of stable vapour films
on to a heated solid surface has continued. A steady-state film boiling model is under development
to interpret the results by relating heat fluxes and film thicknesses. The present series of experiments
and analysis will be completed by mid-1985 and extension of the experiments to heated liquid droplets
is about to start with a view to studying fragmentation.

To complement the experimental work, a novel phenomenological model of film-boiling
destabilization has been formulated and programmed on a local mini-computer. It is nearly com-
plete and a report will be available shortly. The first application of the model will be to examine
the effect of ambient pressure on vapour film stability.

At CEGB Berkeley, a small scale rig designed to study the interaction of single drops of molten
UO] with sodium at temperatures up to saturation, has been built and is being commissioned. The
UOj will be melted using an electric arc. At present, for commissioning purposes, tungsten carbide
is being used instead of UO2 since this has a similar melting temperature.

10.5 Sub-assembly faults

70.5.7 International review

Further meetings in the Tripartite series of UK-France-DeBeNe reviews of sub-assembly safety
issues have been held in 1984. The second in the series was held in London in January and covered
local fault progression sequences and diagrams, failed fuel detection and location, and sub-assembly
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outlet temperature measurement. Many points of difference in approach and assessment were iden-
tified and some of these are to be clarified by answers to a common set of questions circulated
after the meeting.

The third meeting in the series was held in Karlsruhe in December, and concentrated on
assessments of fault progression frequency and probability. The UK event trees, evolved as part
of the local faults section of the NNC Design Concept Safety Report, were presented and detailed
comparisons with the assessments made by DeBeNe and France are emerging. When complete,
the exercise will form a good basis for decisions about the collaborative European R&D programme
in this area, both on further work for refinement of predictions of fault propagation and on develop-
ment of protection systems.

10.5.2 Analysis of data from damage tests

Damage that could be caused if an MFCI occurred by thermal interaction between coolant
and molten fuel in a severely overheated sub-assembly has been simulated in a series of explosive
tests on an array of seven replica sub-assemblies at Foulness. Analysis of the data is underway
in CTS Risley, using the SPOKE code. Agreement between experiment and SPOKE predictions was
reasonable in the first of the three Foulness tests, and less good in the second test. In the third
test, the predicted deformation was overestimated compared with experiment, particularly for highly
embrittled material. The version of SPOKE which models mechanical propagation in a reactor core

. has been modified to include all improvements made to the Foulness test versions.

10.5.3 Wrapper fracture toughness

Work has continued at AERE in assessing the effect of irradiation on the fracture toughness
of Type 321 stainless steel and Nimonic PE16 alloy. The observed fracture toughness values have
been related to critical defect sizes and microstructure of the materials. Fracture is by ductile
microvoid coalescence in the stainless steel and by channel fracture in PE16. Future work will ex-
tend the measurements on PE16 and include data on FV 448 martensitic steel.

10.5A Radial blanket assessments

To evaluate the potential for blockage and overhenting of the CFR radial blanket sub-
assemblies, calculations have been started to evaluate sub-channel blockage consequences (UN-
CLE code) and the distributed heat removal pattern (INCA and SABRE codes). In this way further
information will be gained about the need to protect radial blanket sub-assemblies and also about
the outlet temperature levels that would arise in the event of a potentially dangerous degree of
overheating in the fuel bundle.

10.6 Whole-core accident analysis

10.6.1 Code developments for extreme conditions

A number of improvements have been made to the FRAX whole-core accident analysis code,
notably a new sodium boiling model, which explicitly treats sodium vapour processes. Details of
the new boiling model have been supplied to AEEW for evaluation as an option for the PINEX-AR
code. The new model has been successfully tested in the context of the current WAC Group LOF
comparative study. Plans are also in hand to apply the new model in CDFR calculations.

The first simplified fuel motion model, based on PINEX, has been incorporated into FRAX.
Development of an interface which links FRAX/PINEX with the core dispersal code. EPIC, is now
essentially_complete.

A copy of the European Accident Code (EAC) has been received at Risley and trial calcula-
tions have been run as far as fuel collapse. Difficulties have been experienced in transferring data
ai this stage to the core dispersal code, EPIC, but the reasons have been identified and will be cor-
rected by Ispra staff in the revised EAC version soon to be provided.

10.6.2 FRAX development and application at AEEW

A method of analysis and presentation has been devised to increase the understanding of
the whole field of Fast Reactor TOP or reactivity addition type accidents. Also, the special case
of the flow rundown accident has been studied in detail in order to determine the sequence of events
and to focus attention on the interactive processes of voiding and positive .ind negative feedbacks
which influence the power. The understanding obtained, together with the available data, have been
used to define a set of fuel pin transient tests which, when used to verify and supplement the
necessary methods of analysis, should be sufficient to give the assurance needed in the predictions
of the course of these types of accident. Moreover, these studies have been used to assess test
conditions for current in-reactor fuel test programmes.

Ttie analysis has been carried out with the FRAX code, including the new boiling model, for
a particular large Fast Reactor design and for UK type annular pellet fuel in which internal molten
fuel movement has an important effect. Variations ot fuel expansion and its treatment, size of Oop-
pler constant, and effect of fuel slumping, have all been studied.

During the past year the PINEX-AR code, which incorporates the FRAX fuel failure and in-pin
fuel motion models, has been applied to many of the CABRI and PFR/TREAT TOP and TUCOP ex-
periments. The good results obtained strongly support these FRAX developments.

10.6.3 Natural circulation

A review of decay heat removal (DHR) by natural convection, prepared by ONE, concluded
the following:

(i) Natural convection in pool-type LMFBRs involves complex three-dimensional flows; there
is a need for a better understanding of the convective couplings between the core and
the pools and between the DHR cooler and the pools.

(ii) Because of the complicated nature of free convection, whole tank modelling is required,
both physical models using simulant fluids and computer simulations using codes that
solve the three-dimensional transport equations.

(iii) Further in-reactor experiments are required preferably with special instrumentation. An
instrumented core sub-assembly is required to investigate the core-plenum interaction.

Two computer codes have been developed at DNE that can handle th« numerical simulations
required in this work, i.e. INCA and LUNE.

10.7 Containment loading and response

70.7.7 Studies at AEEW

The structural response of representative models of the CDFR roof has been studied under
fluid impact loading in "WINCON" model containment experiments and in "STROVA" experiments,
wherein the dynamic loading is achieved using a vacuum gun. In these experiments the bottom roof
plate has suffered significant deformation, though global roof deflections have been comparatively
small. By contrast, static loading of the roof results in a significant global deflection with only limited
deformation of the bottom plate. In both static and dynamic experiments, buckling of the radial webs
is observed to play an important role in the roof response. Further experiments are planned, including



a study of the effect of penetrations through the roof, but it appears that existing finite element
(EURDYN) and mass-spring (CFRSIM) calculations should include a representation of the buckling
of the radial webs in order to reproduce the observed deflections.

Development of the SEURBNUK-EURDYN code continues under a collaborative agreement
with EIR (Wurenlingen) and JRC (Ispra), and a number of useful improvements have been implemented
by EIR and JRC during the year. SEURBNUK-2, Edition 5, has been released to member states of
the EEC and a release version of SEURBNUK-EURDYN has been agreed for issue shortly. It is an-
ticipated that the collaboration agreement will be extended for a further two years.

10.7.2 Code developments in CTS. Risley

A meeting of CONT group specialists was held in Brussels to discuss the interim report pro-
duced by Fabry.and Renard on sensitivity study definition for the computation of LMFBR contain-
ment behaviour in the case of an HCDA.

Some changes to the layout and related input data to bring the proposed model into line with
a typical reactor case have been proposed by CTS, Risley. Five delegates agreed to perform this
base case using six different codes:

JRC Ispra
Cadarache
ENEA Bologna
SRI Gouda
UKAEA Risley

Coupled SEURBNUK/EURDYN
SIRIUS
ASTARTE and CASSIOPEE
PISCES
SEURBNUK

It was agreed that the UK should attempt the base circulation as soon as possible in order
to verify that the model was reasonable and produce initial results for inclusion in the final report
to be presented at the CONT group meeting. This work is now in hand.

IHX pressure loading histories have been produced in various forms for response assessment
by Head-Wrightson Ltd., using their linear seismic analysis code. They have agreed to produce a
reduced or simplified model in the light of the results, which will be enhanced to a non-linear form
by CTS for IHX dynamic response analysis.

The investigation of accidental dropping of the IHX through the roof into the sodium using
a modified one-dimensional lumped parameter model has been completed by CTS, Risley. Further
calculations using the same initial conditions as used by Principia Mechanica Ltd. have been com-
pleted. Comparison of the time of first impact between the IHX and its roof support structure and
the energy dissipation due to drag as the IHX travels through the sodium both agreed well with
the finite element analysis by Principia. The 1-D lumped parameter model has demonstrated the
capability of modelling the motion of the IHX as it travels through the fluid and gives a reasonable
estimate of the likely levels of strain experienced by the support tube after roof impact.

10.7.3 Fission product behaviour in the primary and secondary containment

A study by SRD staff of fission product transport in primary and secondary containments
is being revised for inclusion in the CDFR Design Concept Safety Report. This study considered an
HCDA bubble dominated by fission product xenon and caesium, rather than sodium vapour. An im-
portant factor determining the behaviour of the fission products was the direct heating of primary
containment cover gas and secondary containment atmosphere by beta emissions from the fission
products. This could be as important as residual sensible heat in the HCDA bubble during the phase
of escape from the primary containment and as important as sodium fire heating in the long term
pressurization of the secondary containment. A generic study is being formulated to quantify the
effects of direct beta and gamma heating on the thermal hydraulics of containment atmospheres
(PWR and LMFBR).

The work based on a fission product HCDA bubble is being extend'rt to sodium vapour
dominated bubbles, using the VESUVIUS code. Secondary containment fire anc heat transfer models
are being developed to deal with vapour, spray and pool fires, firstly by hand calculations, but with
a view to later incorporation into codes.

10.8 Debris studies and post-accident heat removal

Data on pressures measured during boiling in particle beds have been analysed. Some infor-
mation on capillary pressure can be derived and it may be noted that this is consistent with the
representations embodied in the mechanistic models of dryout.

Air/water experiments have been done to examine the flooding limits in two-phase counterflow
in particle beds. The findings, together with those from other similar studies in the USA, suggest
that the RF induction-heated (volume-heated) dryout data for large particles .ire anomalously high.
A new larger resistive-heated apparatus is nearing completion and will be used to confirm this for
beds of large particles.

A joint Culham/SRD/EEC Study Contract to prepare a 'Compendium of PAHR Models and
Data for LMFBRs' has been completed. The draft final report includes reviews of:

(i) basic data;

(ii) formation and location of paniculate debris;

(iii! characterization of paniculate debris;

(iv) debris bed heat transfer;

(v) molten debris heat transfer;

(vi) debris crusts;

(vii) convective cooling of structures;

(viii) structural response and failure modelling;

(ix) debris interactions with concrete: and

(x) effects of sodium release in PAHR.

10.9 Structural response and missile impact studies

A series of experiments has been carried out to establish the effects of a light aircraft crash
on reinforced concrete-steel beam composite roofs typical of those used for PWR auxiliary buildings
at nuclear power stations. The aircraft model was based on the Cessna 210 which weighs 1.7t
fully laden. Impact velocities ranged from 70 m/s to 150 m/s. Al 95 m/s. the maximum velocity
of this type of aircraft, general concrete cracking occurred in the impact zone with light rear face
spalling. At 150 m/s, although severe scabbing of the concrete resulted, the model did not per-'
forate the concrete roof.

Experiments with flat pre-stressed concrete targets have been started and are continuing.
Pre-stress levels and concrete parameters have been chosen to represent typical reactor con-
tainments. Initial results seem to indicate that pre-stressing in itself produces only a smalt change
in perforation resistance of a concrete slab compared with an unpre-stressnd slab of similar con-
struction, but the results of further experiments must be awaited before these initial indications
can be confirmed.



Development and testing against experimental results of the DRASTIC computer code's ability
to represent the behaviour of reinforced concrete structures impacted by soft missiles has continued.

10.10 Consequence modelling

W.I 0.1 Radiological modelling studies at SRD Culcheth

In assessing the radiological consequences of accidental atmospheric releases, the SRD code
CRACUK is fairly widely used. Over the past year the various models of the code have been the
focus of some attention and some changes have been made. Significantly, the code has been modified
to suit Fast Reactor source terms. This has included the incorporation of a new model for the
resuspension of deposited nuclides, since the inhalation of resuspended material may be an impor-
tant exposure pathway for Fast Reactors, reflecting the inhalation hazard posed by actinidec. In
addition, the actinides have been included in the food chain pathway of radiation exposure. Other
changes involved updating some of the dosimetric data used by the code. These changes have been
found to have a moderate influence on the estimated consequence of notional Fast Reactor source
terms.

10.10.2 Sodium fire aerosols

Evaluation and calibration of equipment for the sampling and monitoring of sodium fire aerosols
has continued at AEEW during 1984. The report on the CEC-sponsored Sodium Fire Aerosol Instru-
ment Intercomparion Experiment (held at Karlsruhe in 1982) was presented at the Minneapolis Con-
ference of the Assocation for Aerosol Research and at the Specialist Meeting on Nuclear Aerosols
in Reactor Safety (sponsored by CSNI) held at Karlsruhe. The CEC are examining the possibility of
financing a large (201) sodium fire at the Esmeralda facility in 1986. It is envisaged that AEEW staff
will participate in this experiment.

A number of experimental sodium burns have been carried out in the 9 m1 aerosol test chamber
at AEEW. Most of the deposited aerosol was on the floor of the chamber with very little on the
walls. A subsequent mass balance showed that over 99% of the sodium had been burned, of which
about 18% had been suspended as aerosol. Currently, modifications are being made to the chamber
to permit the installation of aerosol particle size analysis equipment. The chamber will be used in-
itially for aerosol agglomeration and deposition experiments, which will continue to the end of 1986.

A contract with the University of Essex for the design and development of a controlled sodium
fire aerosol generator has been completed and the prototype generator has been set up and com-
missioned at AEEW. The aerosol can be generated at a well-controlled rate for periods of up to an
hour. The aerosol particle size distribution is very similar to that of aerosols produced from sodium
pool fires.

AEEW staff have participated in the testing of a sodium fire fume scrubber of a type being
considered by NNC for the CDFR secondary containment venting system. The scrubber, manufac-
tured in the US by the Buffalo Forge Company, has been installed in a sodium burning facility at
CEGB, Berkeley. An initial test using aerosol from a 0.25 m1 sodium fire revealed some shortcom-
ings in the scrubber performance and necessitated some in-situ adjustments. Results from a subse-
quent test using a smaller fire indicated an improvement in performance, but the aerosol removal
efficiency was still below the manufacturers' specification. The testing is expected to continue dur-
ing 1985.

1 1 . PLANT PERFORMANCE STUDIES

11.1 Neutronics design data

11.1.1 Reactor physics data libraries

The European-Japanese Joint Evaluated File (JEF-11 of neutron cross-section data now con-
tains evaluations for about 300 nuclides. It is planned to release this nuclear data library early in
1985, following a comprehensive programme of benchmark testing. The data for all but about five
nuclides in JEF-1 are considered to be superior to alternative sources and it is only by adjusting
to fit reactor measurements that other sets achieve better data for these five. It has been agreed
to adopt the JEF library as the basis for a standard Fast Reactor cross-section set for use by partners
in the European Fast Reactor Collaboration.

11.1.2 Cross-section processing codes

The US cross-section processing system NJOY has been implemented on the Winfrith and
Harwell computers, as has the TIMS code which simulates the unresolved resonance region by
generating ladders of resonances from statistical population data.

The Winfrith SIGAR technique has been used in parallel with the corresponding technique
in the NJOY system to prepare broad-group cross-sections from the ENDF/B5 dosimetry library. These
are being despatched to the IAEA as a second stage of the intercomparison exercise previously
mentioned.

11.1.3 Fission product data

The system for measuring decay parameters of short-lived fission products (1 s - 1 h) has
been further developed at Harwell. Effective techniques are available, using computer control and
monitoring, for rapid removal of products from the target room to the counting area, on-line measure-
ment of emitted radiations, and automatic data analysis.

Evaluation of fission product data based on the work of Crouch (formally of Harwell) has con-
tinued and programmes devised by him have been further developed. Usinrj his last database of
yield measurements, a revised evaluation has been made. A draft report describing the svaluation
has been written and testing of the available libraries, including comparison with the currently recom-
mended set C31 and with the US ENDF/B5 library, is under way.

11.1.4 HELIOS - The Harwell electron linear accelerator

Tests to prove equipment were completed and data measurement began. HELIOS operated
reliably with little time lost through faults and the Neutron Booster was run at essentially its full
expected power.

Experimental effort has been concentrated on the measurement and analysis of data on "Fe
and JltU relevant to the two International Task Forces set up by the NEANDC. The international
effort, in which Harwell has played a major role, has shown that the discrepancy in the parameters
of the 1.15 keV resonance in sfFe is due »o problems associated with the use of Maier-Leibnitz cap-
ture detectors and further work will be carried out at Harwell and elsewhere to resolve the situa-
tion. The origin of the discrepancies in the neutron widths of " 'U resonances above 1.4 keV is now
understood.

A joint programme with Winfrith and Birmingham University to measure the *;ross-section
of the "Nb (n, n') 93mNb reaction is continuing. Preliminary data are now available between 1 and
6 MeV but some additional measurements are necessary before the work is completed.
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120 11.2 Experimental reactor physics

7 7.2.7 Zebra

The UK low-power reactor ZEBRA remained shut down, with maintenance continuing to pre-
vent deterioration of the plant. Regular EURATOM checks continue on the fissile material s'ore,
and the facility has also been used to train safeguards experts.

71.2.2 Pin-plate reactivity discrepancy

Analysis during the year at Winfrith has failed to remove this discrepancy or give any clear
indications of its cause. Work is continuing in several European laboratories aimed at elucidating
the problem.

7 7.2.3 Further analysis of BIZET experiments

A joint Winfrith-DeBeNe report on control rod studies in all four BIZET assemblies has now
been published (Nuclear Science and Engineering, 87, 262).

7 7.2.4 MASURCA reaction rates

A number of laboratories participated during the year in a reaction rate intercomparison on
the zero-energy reactor MASURCA at Cadarache. The analysis of these experiments, aimed at pro-
viding consistency of different European theoretical predictions of power distribution, is being car-
ried out at Winfrith and the other participating laboratories.

7 7.2.5 Gamma-energy deposition experiment on MASURCA

A European intercomparion of measurement techniques for gamma-ray deposition has been
carried out on MASURCA. The techniques used by the different laboratories led to results which
were in good agreement, though theoretical predictions were less satisfactory (see Section 11.5.1).

7 7.3.2 Prediction of sub-asssmbly distortion

Collaboration between Winfrith and Dounreay staff on the development and use of distortion
codes has continued. Earlier difficulties with the bowing calculation route BOWHIST have been
overcome.

7 7.3.3 Other code development

The hexagonal-Z geometry nodal diffusion theory code HEXNEC has been enhanced so as
to treat the full reactor plan and to restart badly converged runs Facilities have been incorporated
permitting the calculation of local reaction rates and the conversion to triangular geometry.

The MONK Monte Carlo code has been applied to the PFR at equilibrium to calculate reactivi-
ty and flux distribution. Its performance was broadly similar to that founo on a similar calculation
for AGR. This is too slow for routine use, though tests show better modelling of Fast Roactor geometry
would improve the running time significantly.

The cell heterogeneity code MURAL used in the COSMOS system has been extended to im-
prove the treatment of experimental plate and minicalandria pin cells. Testing is complete, and the
new version will shortly replace the current version in the Reference Set. A standard cell heterogeneity
method is to be developed under the European Fast Reactor Collaboration.

The MARC code has been further developed for finite element calculations. The main work
of the year has been to include anisotropic scattering in the different geometries of the code. Tests
of new features have been made, and give encouraging results.

11.4 Neutronic calculations for the PFR

7 7.4.7 Absorber rod worths

Control rod and shut-off rod worths were measured at the beginning and end of Run 8. Using
these control rod worth measurements, the reactivity loss with burn-up during Run 8 was estimated.
Corrections were made for the loss of reactivity due to the decay of 241Pu during the Run. This burn-
up value is in good agreement with prediction.

11.3 Methods development

7-7.3.7 COSMOS modular code scheme

The CFR databank has been successfully placed under CODIP controi and is also now ac-
cessed by the multi-databank version of the accession routines.

The databank of COSMOS Reference Set libraries used for quality assurance procedures has
been prepared for conversion to CODIP control.

An overview series of four documents on COSMOS has been published and user manuals
on the Accession Routines and WORKSHOP and a maintenance document on the last have been
started.

A meeting of specialists in October discussed COSMOS and the other main European code
systems CCRR, IANUS and KAPROS. Each system is to be studied in more depth with a view to
defining a common code system for Fast Reactor work.

7 1.4.2 Reactivity changes on pin levitation

The change in reactivity following an increase in the primary sodium flow from 30 to 100%
was measured at the beginning and end of Run 8. Nine cents of reactivity were found to be per-
manently lost. Previous calculations estimated that if all pins in a typical sub-assemoly levitated
by 25 mm. then there would be about one cent loss in reactivity. Measuremunts at the end of the
Run gave about one cent change in reactivity.

7 7.4.3 Temperature coefficients

The isothermal temperature coefficient of the PFR has been measured at the start of Run
8 over the range 300-430°C by estimating reactivity changes from the control rod worths and cor-
recting for 2"Pu decay and flow variations. A value similar to the Run 7 one w.ts found. Tha compo-
nent of the coefficient from relative core/rod movement was also found by balancing on a single
rod, and noting the reduction in magnitude of the coefficient. This does not disagree (within ex-
perimental accuracy) with the calculated value.



11.5 Energy deposition and shielding

1 7.5.7 Energy deposition experiments

The previous report referred to the analysis of thermoluminescent dosimeter measurements
made during the BIZET and MOZART experiments. Agreement between theory and experiment was
found to be good. However, an international intercomparison of theoretical analyses in connection
with a MASURCA experimental intercomparison (see Section 11.2.5 above) showed that the British
analysis was particularly discrepant (about 20%). Because of this, further analysis is being carried
out in Germany to examine the consistency of the methods used to analyse the BIZET and MASUR-
CA experiments.

11.6 Economic and strategic assessment of generating systems

The overall emphasis of current assessment work reflects the potential opportunities offered
by the probable lack of plutonium supply constraints and the increasing importance of European
collaboration.

11.6.1 Economics of 23SU enrichment in the Fast Reactor fuel cycle

The economics of 2JSU enrichment in the Fast Reactor fuel cycle were investigated in the light
of the possibility of low cost enriched uranium becoming available in the future through laser enrich-
ment. It was concluded that, over the range of separative work costs assumed, "5U enriched fuel
could show economic advantages relative to plutonium enriched fuel mainly under circumstances
where 21SU enriched fuel was used in the initial years of Fast Reactor operation as an alternative
to plutonium enriched fuel fabricated using plutonium obtained by reprocessing A6R fuel. In the
more likely range of situations where start-up plutonium could be obtained either from stockpiles
(Magnox plus some AGR) or through reprocessing spent PWR fuel, the U iU enriched fuel cycle would
be less economic than the plutonium fuel cycle.

11.6.2 Fast Reactor parametric surveys

The FRESCO parametric survey code has been used in conjunction with the fuel cycle cost
code MARS to investigate the effects on performance and economics of a number of variations
in Fast Reactor design. These studies have been directed towards the reduction of Fast Reactor
generation cost and have taken account of the possibility that for likely rates of Fast Reactor series
commissioning in the early years of the next century, plutonium supply may exceed demand, thus
allowing less emphasis to be placed on breeding performance.

11.6.3 Increased power from reactors with two-row radial blanket

The substitution of core fuel for the inner row of radial blanket fuel was investigated with
a view to obtaining more power without increasing reactor size, thus providing possibilities for the
reduction of electricity generation cost. It was found possible for several alternative core fuel designs
to increase reactor power by up to 15% using a two-row radial blanket without exceeding the
reference CDFR core plus blanket dimensions. Potential gains in generation cost of up to 9% were
indicated by these studies.

11.7 Control and dynamics

11.7.1 Steam-raising units

The main activity during the year has been studying parallel channel stability of J-tubes in
boilers. This work is being carried out for NNC and is based on use of CEGB's suite of codes
NUMEL/DYMEL.

An appropriate data set was agreed between AEEW, NNC and CEGB (Marchwood) early in
the period. This involved considerable re-thinking on the post dry-out heat transfer correlation. Some
difficulties were experienced in applying NUMEL/DYMEL to the J-tubes arising from temperature
changes in the sodium primary flow. (NUMEL was originally written for AGfl boilers). These pro-
blems have been resolved and CEGB has produced a special version NUMEL-CDFR.

NUMEUDYMEL have been applied to a sample of representing operating conditions over the
full power range and for cold start-up, all assuming clean tubes. The results indicate that all cases
are stable with the intended ferrules. (Without ferrules some cases are unstable.)

11.8 Nucleonic instrumsntation

11.8.1 Relevant experience in AGR instrumentation

Completion by a contractor of the production prototype of a new reactor fission chamb»r
for combined pulse and Campbell operation (Type P8) has established improved procedures for the
control and more precise measurement of performance and has confirmed the choice of a.binary
inert gas (Ar/He) mixture to give acceptable measurement range and gamma discrimination for the
AGR application.

Because of the importance of electron attachment on charge per event in a Campbell chan-
nel, a contract with Swansea University to obtain necessary data on possible chamber filling gases
is well in hand. Assembly of the equipment necessary for these somewhat difficult measurements
is complete and pulses with attachment have been observed.

11.8.2 Instrument cables

Experience of the manufacture of mineral insulated cables for high temperature neutron detec-
tors continues to demonstrate very high production yields following the introduction of improved
procedures.

The development of superscreened cables using a radiation-resistant polymer,
Polyetheretherketone (PEEK) has shown very satisfactory progress. Samples taken from a 500 m
pre-production cable have withstood more than 5 x 107 Gy of gamma radiation, will operate con-
tinuously at over 150°C, have a short-term capability of 300°C and meet acceptable bending and
thermal stability criteria. The problem of achieving freedom from low frequency microphony (needed
for some mean current channels) is being pursued.
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