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1. BACKG RO U N D  TO THE REVIEW

Nucjear power produced about 20% o f the electricity supply in the United Kingdom in 1986, 
mostly from gas-cooled reactors, i.e. the 10 AGRs currently in operation and the 26 older MAGNOX 
reactors.

Plans to increase the nuclear component of generating capacity by building the firs t PWR 
in the UK, Sizewell 'B ', were strongly endorsed in the report by Sir Frank Layfield published on
26 January 1987. This resulted from the Public Inquiry into building Sizewell 'B ', which was held 
between 11 January 1983 and 7 March 1985, the longest Public Inquiry ever held in the UK. The 
government gave the go-ahead for the building of Sizewell 'B ' on 12 March 1987.



The essence of the seven-volume, 3000 page report of the Sizewell 'B ' Inquiry was distilled 
by Sir Frank, the Inspector at the Inquiry, into these key paragraphs:

"There is a national interest in maintaining an economical and continuous supply of 
electricity. The Board (CEGB) has shown that building the proposed PWR is likely to
save generating costs and to provide a base-load station to meet capacity need........
The proposed PWR is likely to be the least-cost means of adding such capacity. The 
building of the PWR is an advantageous course for the CEGB to take in carrying out 
its statutory duty to provide an economical and secure supply of electricity, and is con
sistent w ith government policy.

"In  these circumstances I conclude that there is national interest in building a PWR 
(and) national interest in building the station can best be met at Sizewell ....

"There should be good confidence that Sizewell 'B', if built, would be sufficiently safe 
to be tolerable. My conclusion that the risks would be tolerable depends on the N11 
(Nuclear Installations Inspectorate) continuing to satisfy itself about safety throughout 
the rest of the design, construction, operation and decommissioning of the plant if con
sent is given. My confidence in the safety of Sizewell 'B ' is reinforced by the engineer
ing experience and judgement of the CEGB which was consistently shown to be of 
the higest order.. The Board's excellent safety record adds assurance. But that is not 
enough. It is also necessary to determine whether national economic benefits from 
the station are sufficient to  justify the risks imposed by a nuclear power station.

"The national advantage in achieving cost-saving generation of e lectricity by 
Sizewell 'B' followed by its contribution to meeting capacity need in the mid-1990s 
seems to me to be of great value. Some further national benefit is to  be gained from 
a step to reduce the CEGB's reliance on one principal fuel. In my judgement the expected 
national economic benefits are sufficient to justify the risks that would be incurred.

"For [these) reasons .... I recommend that .... consent and planning permission for 
a PWR power station, Sizewell 'B ', should be granted .. ."

On the subject of safety, the Report states further that:

"The safety criteria for both normal operation and for accidents are likely to  be generally 
satisfied by the design .... Theoretically possible accidents which could cause thousands 
of deaths would almost certainly not occur;

"The risks from Sizewell 'B ' would be likely to be dominated by those from normal 
operation. These risks would themselves by very small; ....

"There are no other safety problems caused indirectly by the operation of Sizewell 'B', 
such as radioactive waste management, that would give rise to intolerable risks;"

The leaders of the main opposition parties in parliament have announced their opposition to 
the building of Sizewell 'B'.

In the development of fast reactors, the UK is continuing the programme determined by the 
Government which is aimed at supporting the design and construction of a series of three commercial 
demonstration fast reactors by the Western European partnership (Belgium, France, West Germany, 
Italy and the UK) before fast reactors are commercially introduced early next century. The House 
of Lords Select Committee on the European Communities in its report "Nuclear Power in Europe", 
published on 15 July 1986, strongly supported both the long-term need for fast reactors " fo r reasons 
of safety and fuel cycle efficiency" and the proposed demonstration reactor programme, and recom
mended that there should be no loss of momentum in R&D.

All the UK organisations w ith interest in the fast reactor, the Department of Energy, British 
Nuclear Fuels pic, Central Electricity Generating Board, the South of Scotland Electricity Board, the 
National Nuclear Corporation, Nuclear Installations Inspectorate and UKAEA, have continued to work 
closely together in formulating and executing the various aspects of the UK programme. The Govern
ment announced on 24 November 1986 that the Utilities would assume responsibility for providing 
some 30% of the UKAEA's fast reactor funding from 1 April 1987. Subsequently the Department 
of Energy and the Utilities have agreed to act together as the jo in t customer fo r the work of the 
UKAEA. The UKAEA have welcomed the increased involvement of the Utilities in the fast reactor 
programme, and it is expected that the new arrangement w ill help to  co-ordinate support for jo int 
European projects.

While the sequence of demonstration reactors is still the subject of discussion between Utilities 
and Governments, there has been close technical co-operation between the CEGB and NNC and 
their counterparts in France, Debene and Italy.

Steady progress was maintained during the year on aligning and rationalising the reactor R&D 
programmes of the European partnership even though the formal agreement has yet to be signed. 
The arrangements covering reprocessing and fuel fabrication have been agreed in principle but the 
agreements have not yet been completed; joint research and development programmes in fuel cycle 
areas are expected to start in 1987.

The Prototype Fast Reactor (PFR) at Dounreay has operated routinely at full power on three 
circuits for extended operating periods. The first fuel sub-assembly w ith  fuel at a burn-up of 16% 
was discharged for examination. Between August and October 1986, the reactor generated elec
tricity continuously for 51 days, its most productive continuous period of operation so far (11500 
MW-days of e lectricity at a load factor of 92.5%). No leaks have occurred in any of the evaporator 
units which were sleeved in 1984/85. However, a small leak of high pressure steam into the secon
dary sodium side of a superheater occurred in late October which necessitated a period of two- 
circuit operation at around 175 MW(e) while a replacement gnit was fitted. Full power operation 
restarted in January 1987. The PFR reprocessing plant has continued to operate successfully (see 
3.1).

The public local inquiry into the outline planning application lodged jo intly by the UKAEA and 
BNFL to build the European Demonstration Reprocessing Plant (EDRP) at Dounreay was held in 
Thurso. Dounreay is one site for the plant which could be chosen by the European partners. The 
hearings occupied 95 days between 7 April and 19 November 1986. During the course of the Inquiry
18 UKAEA and BNFL witnesses were heard and support was given by 18 witnesses representing 
local organisations including the planning authority, the Scottish Highland Regional Council. 
Opposition to the application was led by the Councils of the Orkney Islands, the Shetland Islands 
and the Western Isles. In all some 181 witnesses spoke against the application. The Inquiry Report 
is to be in tw o parts. The first, on findings of fact, is expected to  be available in May 1987, for 
comment by all parties. The second part, which will embody the Reporter's recommendations, will 
follow later in 1987.

During the last year the joint UKAEA/BNFL design team has been consolidating the design 
of EDRP. To strengthen the development work supporting this design a new laboratory called the 
Marshall Laboratory, was opened at Dounreay by the Chairman of the CEGB in May 1986.

The number of professionally qualified staff employed on fast reactors in the UK in 1986/87 
was about 920. Of these about 800 were in UKAEA w ith the remainder in the NNC, BNFL and CEGB. 
Expenditure in 1986/87 by all organisations is expected to be about £ 115M of which £ 103M was 
spent by the UKAEA (£1 16M, less £13M from the sale of e lectricity from the PFR). (Provisional 
data only.)



2. PROGRESS W ITH THE PROTOTYPE FAST REACTOR (PFR)

2.1 Highlights

PFR's performance has continued to improve and there is every sign that it w ill continue to 
do so in the future. In the 1986 calendar year PFR generated more than 40 ,000 MWd compared 
w ith a previous maximum of approximately 37,000 MWd (1985). Notable achievements have been 
the completion of a very long engineering shutdown which included the biennial statutory inspec
tion and the installation of tw o  new air heat exchangers; the installation of a Replacement Tube 
Bundle (RTB) in place of Superheater 3; engineering improvements to  the irradiated fuel caves (IFC); 
and the progress w ith the mid tide seaweed barrier.

For the calendar year 1986 the principal operating statistics and the comparisons w ith 1985
were:

1986 198S

Core irradiation efpd 181 169
Electricity generated MW hours 960520 893210
Load factor (relative to  250 MWIell % 43.9 40 .8

For the financial year 1 986/87 the principal operating statistics to  mid February were:

Core irradiation efpd 166
Electricity generated MW hours 885940
Load factor (relative to 250 MW(e)) % 45

The major losses of generation in 1986/87 arose from the need to replace an RTB in 
Superheater 3 (31 days lost) and an over-run of the shut-down for engineering work (about 22 days). 
There were also some losses from leakage of sea water at a flange in the condenser.

2.2 Operating history

The reactor was shutdown on 13 February 1986 to remove a failed fuel pin located to be 
w ithin an outer zone sub-assembly. Operation was resumed on 19 February and continued, with 
one minor outage, at 253 MW(e) until 19 March when a leakage of NaK was detected from the 
lower header of the thermal siphon of Air heat Exchanger (AHX) B. Following inspection of two 
remaining AHXs operation was resumed nearly one month later on 14 April.

Operation between 14 April and 30 May, the planned shutdown date for Reload 11, was 
subject to  a number of plant problems, viz leaks in the condenser mild steel bellows, locking out 
of the main feed water valves, and deteriorating performance of the number 4 heater drains pump 
which eventually limited power on three circuits to 230 MWlel. Prior to the completion of Run 11 
a programme of tests on the new auto controllers for the steam drum water level (cell 1 and the 
main boiler feed pump were carried out. Run 11 was completed on 30 May after 95 efpd and a 
load factor of 54%.

Reload 11 was a major engineering shutdown, during which a statutory inspection was car
ried out, the transformer on loan from the CEGB was replaced, tw o new AHXs were installed, more 
than 400 valves were overhauled, the condenser was inspected, the bellows protection system 
was replaced and a major refuelling was completed. The reload extended to 80 days, and the tur
bine was available on 20 August to commission the transformer. All the engineering objectives were 
met.

Run 12 began on 20 August and between 23 August and 11 October the station experienced 
its most productive continuous run ever, generating 275980 MW hours (51 efpd) at a load factor 
of 92 • 5%. On 11 October the station was tripped as a result of engineering work being carried 
out in the Sea Water Pump House. Operation resumed on 14 October and continued until 25 October 
when one of a series of turbine initiated trips caused the plant to shutdown. Although no clear cut 
explanation for these trips has been found it is thought that the cause was an overspeed ring. There 
has been no recurrence of these problems once the overspeed ring was reset.

During the restart sequence on 25 October a small leak was detected on the sodium inlet 
side of Superheater 3. The decision was taken to replace the unit w ith  one of the new. In the mean
time the station operated on tw o circuits initially at 140 MW Ie], then at 160 MW(e). The power 
level was subsequently raised to 175 MW(e). Between 11 and 16 November the station was shut
down to  allow the cutting and capping of high pressure steam pipework and the removal of 
Superheater 3. On 4  December the station was once again shutdown to allow the high pressure 
steam pipework to  be connected to  the new RTB. A t the same tim e the station was refuelled, the 
firs t such utilisation of an ‘adventitious shutdown*. One o f the fuel sub-assemblies discharged at 
this shutdown had reached 16% burn-up whilst a radial blanket sub-assembly had reached 2% bum
up. The shutdown on 4  December marked the end of Run 12 and had been brought forward by 
more than 3 weeks because of the excellent progress made w ith  the installation of the RTB. Run
12 generated 440970 MWh (83 efpd) at a load factor o f 6 9 -7 % .

Run 13 began on 22 December w ith tw o circuits. On 7 January the new RTB was handed 
over for operation and on the following day the station began operating on three circuits. Subse
quent operation has been interrupted by a series of trips from high water levels in the third direct 
contact feed heater (DC3). This problem was overcome at the beginning of February.

2.3 Station statistics

In Run Total from 
1 January 1986

Run 11

Start (turbine synchronisation) 26 December 1985
Shutdown 30 May 1986
Electrical generation in period (gross) MWh 503920 486160
Electrical generation in period (net) MWh 467230 450920
Maximum electrical power level MW 257 257
Maximum station efficiency % 39.1
Generator load factor at 250 MWlel % 54.0 54.0
Equivalent full power days (600 MW(th)) 94.9 58.3
Maximum burn-up increment (% HA) 2.6
Maximum dose increment (dpa) 15
Fuel sub-assemblies loaded (at beginning of run) 17
Fuel sub-assemblies discharged (at end of run) 1
Maximum burn-up in core (sub-assembly) % 14.45 (peak pin)
Mean burn-up in core (sub-assembly) % 14.1 (mean centre plane)
Maximum burn-up in core (experimental cluster) % 12.8
Maximum burn-up in blanket (sub-assembly) % 1.8



Run 12 In Run Total from 
1 January 1986

Start (turbine synchronisation) 20 August 1986
Shutdown 4  December 1986
Electrical generation in period (gross) MWh 440970 927130
Electrical generation in period (net) MWh 407950 858870
Maximum electrical power level MW(e) 255 257
Maximum station efficiency % 39.1
Generator load factor at 250 MWIel % 69.5 45.7
Equivalent fu ll power days (600 MW(th)) 83 174.3
Maximum burn-up increment (% HA) 2.3
Maximum dose increment (dpa) 15.3
Fuel sub-assemblies loaded (at beginning of run) 11
Fuel sub-assemblies discharged (at end of run) 12
Maximum burn-up in core (sub-assembly) % 16.0 (peak pin)
Mean burn-up in core (sub-assembly) % 13.2 (mean centre plane)
Maximum burn-up in core (experimental cluster) % 14.66
Maximum burn-up in blanket (sub-assembly) % 2.0

Run 13 (incomplete)

Start (turbine synchronisation)
Electrical generation in period (gross) MWh 
Electrical generation in period (net) MWh 
Electrical consumption during outages MWh 
Maximum electrical power level MWIel 
Maximum station efficiency %
Generator load factor at 250 MW(e) % 
Equivalent full power days (600 MW(th))

In Run

23 December 1986 
158860 
146620 

4860 
255 

39.5 
61.2 
29.8

Total from
1 January 1987

125470
116110

2590
255

60.6
23.4

Aggregated Achievements:

Gross electrical generation 1986 (calendar year) MWd 40022
1986/87 (financial year up to 25 February

1987) MWd 36914
Generator Load Factor 1986 (calendar year) % 43.9

1986/87 (financial year up to 25 February
1987)%  45.0

2.4 Radiological dose to operators and support staff

The provisional data for 1986 are given below:

Total dose for PFR for 1986 is (less deemed dose and background)
220 person mSv (cf 287 in 1985)

3. REPROCESSING

3.1 PFR fuel reprocessing

During 1986, 2.6 tonnes of heavy metal containing 420 kg of plutonium were reprocessed. 
The peak burn-up was 10.7% and the shortest cooling time before reprocessing was nine months. 
The fuel dismantling equipment and dissolver plant operated satisfactorily at design throughput. 
A  minor blockage of a highly active mixer settler reduced throughput of the solvent extraction plant 
to  0.8 of design for a period. Physically blended and co-precipitated fuel behaved similarly on dissolu
tion. The total heavy metal throughput of the PFR fuel reprocessing plant has now exceeded
10 tonnes (1.9 tonnes plutonium).

3.2 Aims of the reprocessing development programme

The main aims of the programme during 1986 were to:

(i) support the design and development of the European Demonstration Reprocessing Plant 
(EDRP) wherever it is sited,

(ii) in conjunction w ith  BNFL to undertake the activities necessary to  secure our European 
partners' agreement to siting EDRP at Dounreay and provide the necessary information 
to support the Public Inquiry into the planning application for the construction of the 
EDRP at Dounreay,

(in) define and procure additional experimental facilities for the Marshall Fuel Cycle Laboratory 
at Dounreay to support the future development programme.

3.3 Public Inquiry into the EDRP

The jo int planning application by the UKAEA and BNFL for the proposed construction of the 
EDRP at Dounreay was the subject of a Local Public Inquiry which was held in Thurso during 1986. 
The Inquiry sat for 95 days and all aspects o f the proposals, including the reference plant design, 
safety, transport arrangements, impact on the local community, etc, were considered by the Reporter 
who conducted the Inquiry.

3.4 Fuel sub-assembly dismantling and shearing

Advantage has been taken of the incorporation of lower swelling cladding materials and com
pliant grids in advanced CDFR sub-assembly designs to  re-define the reference dismantling route. 
The modified procedures which involve w ithdrawal of the whole pin bundle through the grid array 
w ill permit the use of a single dismantling line for both gridded and wire wrapped sub-assemblies. 
The various components of the proposed dismantling system including the laser have been combin
ed into a single unit which can be operated remotely. It is planned, however, to  continue w ith the 
development of automated single pin pulling as a possible method for dealing w ith  sub-assemblies 
containing broken pins.

3.5 Batch dissolver development

A series of dissolution trials w ith  U 02 has commenced at the 100 kg scale in the inactive 
prototype batch dissolver. The dissolution process and dissolver temperature have proved to be readily 
controllable and the off-gas system has performed satisfactorily w ith  the discharge from the scrub
bers well within predicted limits.



3.6 Post-dissolution accountancy

The full-scale EDRP tank for accountancy by weighing has been commissioned at SNL and 
a programme of work is in hand to assess the source of and correct for potential weighing errors. 
The programme includes a study of the effects of variable temperatures and w ill also test the fluidic 
mixing and tank emptying systems.

3.7 Separation chemistry

A series of mini mixer settler runs to confirm the EDRP flowsheet on a U-Pu system has been 
successfully completed. All cycles will now be operated continuously to  demonstrate the flowsheet 
stability and w ill be followed by fu lly active work to  determine fission product decontamination fac
tors. This work w ill form the basis of the programme for the alpha active pulse column trials in the 
Marshall Laboratory.

The programme to examine the variation of mass transfer coefficients w ith  temperature has 
been completed and the time dependence of the mass transfer coefficients has been identified.

A programme has been started to investigate the influence of complexing ions on the mass 
transfer coefficient at various acid strengths.

3.8 Solvent extraction equipment

Work has continued on the study of the hydrodynamics of the dispersion behaviour observed 
in the EDRP Cycle 1 extraction/scrub column under simulated flowsheet conditions. This has led 
to  a clearer understanding of the relative effects of plate design, plate materials and solvent proper
ties on column performance.

A new inactive single column test rig has been constructed and commissioned to study all 
aspects of column hydraulics including operation of the settler system used to  remove aqueous raf- 
finate from columns operated in an organic continuous mode.

The alpha active pulse column rig in the Marshall Laboratory has been commissioned and 
three runs have been carried out satisfactorily. Modifications have been incorporated to  improve 
the pulsing system and to extend the sampling facilities. The rig is equipped w ith  a variety of instru
ment and data logging devices.

3.9 Waste treatment -  aqueous streams

Studies have been carried out to  determine the maximum evaporation factor tha t can be ap
plied to the highly active raffinates. Work is also in hand to show that sludges which may collect 
at the bottom of of a highly-active raffinate tank can be removed. Simulant sludges have been made 
by the precipitation of zirconium phosphate.

Work has continued to examine the decontamination factors that can be achieved by various 
potential effluent treatment processes. The original proposals for coupled stages including precipita
tion, ion exchangce and ultrafiltration processes have been optimised and simplified. Proposals are 
now being developed for a future demonstration at near full scale of the selected process and 
equipment.

3.10 Treatment of waste gases

Work has continued on the study of the release of gases during fuel breakdown and dissolu
tion in the PFR reprocessing plant. The emission of carbon 14 has in particular been monitored and 
the particular species present have been identified. Further equipment is being installed in the new 
fuel cycle laboratory to  study the release of iodine from heated fuel.

3.11 Solid waste

The work previously reported on the compaction of fuel hulls has been re-appraised and ter
minated in the light of concerns regarding the potential loss of mechanical strength in the cemented 
waste product. Work is continuing on the volume reduction of other sub-assembly components by 
laser cutting.

3.12 Ancillary equipment

A comprehensive development programme is in hand to provide equipment and design infor
mation on a variety of liquor transfer devices. A programme to define the overall EDRP control system, 
which includes mathematical modelling of the solvent extraction stages, is in progress.

4. CO M M ER C IA L  DESIGN STUD IES

4.1 Introduction

The design work carried out by the NNC is funded by the CEGB, SSEB, NNC and UKAEA. 
Suppport is also provided by BNFL on fuel design.

During 1986, following signing of separate bilateral agreements with Novatome and Interatom, 
a substantial proportion of the total professional design team has been deployed on work in support 
o f SPX2 and SNR2. The main NNC contribution to SPX2 has been in providing design and suppor
ting analysis on specific features. The current stages of development of the SNR2 design has pro
vided an opportunity for the NNC to make a significant input on a number o f features being con
sidered by Interatom, as well as providing supporting analysis.

Activities in support o f SPX2 have included analysis of:

Decay heat removal systems and natural convection 
Thermal-hydraulics of the hot pool, pumps and IHX standpipes 
Structural integrity of the redan 
Thermal insulation of the primary vessel 
Roof and vessel supports

In addition proposals have been made for application of under sodium viewing techniques to primary 
circuit in-service inspection.

Activities in support o f SNR2 have included analysis of:

Alternative shut-down systems
Core structural mechanics
Failed fuel storage and handling systems
Decay heat removal systems and natural convection
Duty cycle and plant kinetics of the steam generators
Thermal-hydraulics of the hot pool, above-core structure area and the fuel store in 
the primary vessel

In addition design proposals have been made in the following areas:

Primary pumps 
Reactor roof
Straight tube steam generators
IHX w ith integral decay heat removal coil.



In addition to supporting a number of AGT (R&D Working Sub-Groups), the NNC are par
ticipating in Working Groups involving all the European design companies, Ansaldo, Interatom and 
Novatome, on passive heat removal systems and on a common structural design code based on 
the French RCC-MR.

Some work has also proceeded on longer term design options aimed at lower costs and also 
on specific features developed from the CDFR design. This work provides a focus for the suppor
ting R&D programme in the UKAEA and Industry.

4.2 Core and fuel

A major activity during 1986 has been the evaluation of sub-assembly mechanics with em
phasis on comparing the passively restrained design of CDFR w ith the naturally restrained designs 
o f the type used in SPX2 and SNR2. The effects of both moderately swelling material (PE16) and 
non-swelling material (ferritics) have been considered. The work has concluded that, while both 
designs should be quite acceptable at burn-ups of up to 20%, the passively restrained design results 
in high interactive loads while the naturally restrained design has high displacements and high loads 
in the support spike. Work is proceeding on modified concepts to  produce an optimised design.

4.3 Evolution of the CDFR design

Study of designs leading to lower cost than the revised CDFR design referred to in the previous 
review, has continued. One possibility which is being studied is a design w ith  a small hot pool and 
siphon entries into the Intermediate Heat Exchangers (IHXs). This concept has shown promise for 
a significant reduction in vessel size and weight, but gives rise to  specific problems which require 
resolution. These include incorporation of a completely diverse decay heat removal system, because 
of risk of common mode failure of the IHX siphon inlets, and the thermal hydraulic transient response 
of the small hot pool. Further work is proposed to evaluate solutions to these problems. It w ill then 
be possible to  make an economic and safety comparison w ith the more conventional designs (or 
improved versions of them) based on an intermediate plenum or a single redan.

A review has been held on the CDFR design of intermediate plenum covering all the suppor
ting development and analytical work. It was concluded that while further work, already in hand, 
remains to be completed, the design should lead to  acceptable temperature gradients in the struc
tures separating the hot and cold pools. The experimental work in this field of mixed convective 
flow  w ill be continued because it has applications to a range of fast reactor designs.

Following last year's report on a nuclear island layout based on circular containment and outer 
services buildings, work has continued to consolidate the design for the four secondary circuit layout. 
Three circuit reactor designs are also being studied and are showing cost-saving advantages. Detail 
studies have been made on seismic isolation systems, variations in fuel and active components flask- 
ing routes and siting of certain reactor plant (e.g. cold traps, blanket gas systems) away from  the 
reactor.

A cost optimisation study has been performed to establish the optimum diameter o f secon
dary circuit pipework for a four circuit 1450MW (e) plant design. The study considered both the 
capital cost of the pipework, the capital cost pumping power and operational costs. No sharply defined 
optimum was found. However, the work indicated that a pipe diameter of 0 • 7 m which corresponds 
to a sodium velocity of 6 -5 m /s , was likely to be the most economic.

4.4 Improved primary sodium pumps

Conceptual designs of smaller and less costly pumps running at higher speed are being 
developed. The options under consideration are:

(i) inducers (to increase running speed)

(ii) pump shafts designed to run in the speed range between the first and second critical 
whirling speeds

(in) pump shafts designed w ith tw o  sodium hydrostatic bearings

(iv) self-aligning double hydrostatic bearings, which involves a spherical outer bearing.

Supporting hydraulic development work is in hand and a mechanical development strategy 
is evolving. More detailed proposals w ill emerge as the design options are worked up, and the most 
promising design features selected.

4.5 Structural integrity

Work has progressed on the development of leak-before-break procedures w ith  encouraging 
results from the calculation of critical crack size for cracks of various orientation and position in 
the primary vessel using the revised R6 methods. A revised set of interim design rules, based on 
shakedown principles, has been prepared dealing w ith high temperature structures under cyclic 
loading. These rules are a substantial advance on previous versions allowing greater flexib ility in 
application and reduced conservatism.

4.6 Primary containment

Detailed calculations for the response of the CDFR vessel have shown that the CDFR primary 
circuit structures could withstand a mechanical energy yield of less than 200 MJ w ith an ultimate 
failure limit of about 1 GJ.

4.7 In-service inspection

This has been a major activity aiming at furthering the practical application of the developments 
in the fields of ultrasonic under-sodium viewing and structural monitoring for use in the next 
demonstration plants. The immediate objective continues to be the CDFR under-sodium viewing 
system which depends on a links manipulator. The current development phase to improve imaging 
performance is nearing completion. Results to date are generally satisfactory w ith respect to flow  
induced vibrations and positional repeatability for imaging, transducer manufacture, cable flexture 
and the provision of commercial electrical equipment, software for data recording and processing 
for image generation. A sodium test rig is being commissioned for bearing endorsement tests and 
some further work is needed to ensure a satisfactory solution to brazing difficulties experienced 
w ith  some of the cables used for transducer manufacture.

5. STRUCTURAL INTEGRITY

5.1 Introduction

Increased emphasis is now being given to drafting design procedures which are generally ap
plicable to  structures in the primary and secondary circuits. Such general procedures are necessary 
since it is not feasible to  test full sized components under realistic loading conditions to demonstrate 
that they w ill survive for the full reactor life w ithout reduced performance. A major d ifficulty is that 
thermal shock and thermal striping, which are life limiting factors in the majority o f primary circuit 
components, are of negligible importance in fossil fuelled power plant. There is thus little previous 
experience of what is satisfactory and what is not to guide the designer.

Research in the United Kingdom and elsewhere has shown the American fast reactor design 
rules provided in ASME Code Case N47 are not entirely adéquate. This is particularly true for the 
many components in which integrity is governed by high thermal stresses. The French RCC-MR 
rules which have been used for the design of the Superphénix reactor contain improvements on 
the American Code, but many improvements remain to be made.



Good progress has been made in drawing up revised design procedures which w ill be used 
in the UK and which will form the basis of discussions within the European collaboration. Interim 
procedures for trial use will be established in the forthcoming financial year. These will mainly be 
associated with simplified methods of analysis, assessment of defects and thermal striping and ther
mal shock. Rules for earthquake loading and impact loading must await the completion of further 
research.

Whilst these procedures w ill provide better assurance of long-term performance of fast reac
tor components than those currently available, much work of a research nature remains to be done. 
Further improvements are seen to be possible, which will lead to simplification of the design pro
cess, and which will remove the remaining pessimisms. Validation of the procedures at relatively 
large-scale is an essential step in gaining their acceptance. Here the large test facilities such as SUPER
SOMITE and the Structural Features Test Facility (SFTF) have an important role.

One topic which will receive increasing attention is that of welds. So far design procedures 
worldwide have largely been based on the performance of the parent materials. Often the perfor
mance of the welds is the controlling factor, and work programmes are now being drawn up to 
evaluate this.

5.2 Structural analysis

5.2.7 Simplified rules based on shakedown

Drafting of the design rules based on shakedown concepts is in an advanced stage, and the 
rules will be issued for trial use later in the year.

Coding of a first complete version of the residual stress post processor has been completed. 
Trials have been made for a number of simple problems with published shakedown solutions. These 
all involve essentially radial loading w ith  at most one-dimensional variations of stress but including 
bi- and tri-axial stress states. The processor identified shakedown in a reasonable number of itera
tions except w ith loadings very close to the shakedown limits. Trials w ill proceed w ith problems 
of complex stress-variations for which cyclic inelastic solutions using ABAQUS are available.

5.2.2 Strain concentrations

The cyclic elastic-plastic creep results for the tee butt weld and tubeplate geometries have 
been evaluated. The N47 route of estimating peak strain gave very large strains compared w ith 
the inelastic results. Suggested ways of improving the method are under consideration.

The elastic and inelastic solutions for the fille t weld problem have also demonstrated only 
moderate strain enhancement. An N47 code assessment showed a very excessive pessimism with 
regard to the fatigue strain range in creep conditions and emphasised the need for more realistic 
code rules and elastic based formulae. Further calculations w ill be carried out in order to provide 
examples for checking such rules and to give further cases for the study of follow-up.

5.2.3 Curved tubeplates

The ultimate objective of this work is to  develop simplified design procedures for dished 
tubeplates based on the conventional 'equivalent solid plate’ approach. This, In turn, requires a means 
o f estimating local stresses around the tube holes. Work already completed has provided a limited 
understanding of the stress distribution in a tubeplate with triangular hole pattern and ligament e ffi
ciency corresponding to the CDFR SGU reference design, due to bi-axial stress components in the 
equivalent solid plate and due to pressure in the tubes.

The present task is to consolidate the above and extend it to other positions on the tubeplate. 
3D finite element models of representative parts of the top surface of the tubeplate are being analysed 
for 0 ° , 15° and 30° meridians and perforation inclinations (relative to the surface normal) of 40°, 
55° and 6 5 °. The results are to be presented in the form of charts, from which peak stresses can 
be calculated in a manner similar to ASME A8000.

5.2.4 Ratcheting

During the period the Bree testing at 500°C  has been substantially completed and the original 
objectives of this joint-funded work at Liverpool University has therefore been achieved. The re
maining rig time has been used to explore the transition in ratcheting behaviour that occurs bet
ween 100°C  and 200°C . Testing has shown a peak in accumulated strain at about 150°C which 
is being further studied.

5.2.5 Constitutive equations

Work for the CDFR specification is now complete and a document giving a final statement 
is being issued. An anomalous treatment o f the plasticity parameters by the program ABAQUS has 
been found and adjusted parameters for circumventing the d ifficulty have been made available. A 
compilation of the available data for the SPH steel has been made. The plasticity data, monotonie 
and cyclic, are adequate for a preliminary set of parameters. However creep deformation data are 
very sparse.

5.2.6 Shakedown

A three year contract on this work commenced at Leicester University in December 1985 
and is progressing well. Deformation diagrams (load interaction diagrams) and the accompanying 
structural behaviour have been prepared to a variety of structural design features and loading 
conditions.

5.2.7 Pipework studies

Investigation into the inelastic behaviour of elevated temperature pipework using ABAQUS 
has continued. Results from analyses done w ith all three major loads present (thermal expansion
— pressure -  deadweight), show that the stresses are increased on the outside surface of the critical 
bend and reduced on the inside surface when compared w ith the case when only thermal expan
sion loads are considered. Results from runs using the simpler ELBOW 31В elements show an under
prediction of 10-1 5% of the creep strain calculated using the ELBOW 31 elements. However, the 
cost of using the simpler elements is less than a half that of using the more complex ones.

A review of insignificant creep criteria present in current design codes has been undertaken. 
Typical fast reactor secondary circuit hot leg piping conditions were used to investigate these criteria 
in RCC-MR (France), ASME CC-N47 and CC-N253 (USA), and PNC-N241 (Japan). It was found 
that none of these simple, and hence conservative, criteria was satisfied.

5.3 Defect analysis

5.3.1 Defect assessment procedures and validation

The CEGB assessment procedure "Assessment of the Integrity o f Structures Containing 
Defects R/H/R6 -  Revision 3 "  has been formally issued. Its companion volume, the validation docu
ment, is currently being issued.



A report on the determination of critical crack sizes in the cylindrical part of the primary vessel, 
using R/H/R6 -  Revision 3, has been completed and w ill be issued shortly.

A finite element analysis of the typical component, aimed at the determination of the open
ing area of a critical circumferential defect, has been started.

The results w ill aid the determination of upper limit leak rates in one of the most restrained 
parts of the primary vessel.

The material property requirements for use in R/H/R6 -  Revision 3 assessments of the various 
components, including those in the primary circuit, the reactor roof, secondary circuits and steam 
generators, have been defined.

Work on a transition joint test programme has to date involved the development of strain 
measurement techniques using Moire fringes. Pre test elasto-plastic analysis using ABAQUS has 
been started.

5.3.2 Leak-before-break procedures (LBB)

Work on the development of leak-before-break procedures for secondary circuits is continu
ing. An elastic stress analysis of an elbow has been performed using ABAQUS, and stress intensity 
factors around the crack front determined using FRACTURE ZERO.

Pre-analysis of the one-third scale pipe tee test has been completed. The first tee specimen 
has been trial erected in the test rig and a quadrant of the surface has been instrumented with strain 
gauges. A defect was subsequently machined in the tee, and the complete instrumentation fitted. 
The first test is now in progress.

5.3.3 Numerical analysis and probabilistic fracture mechanics

Work on implementing the boundary integral method has continued w ith tailoring the method 
to the GEOMOD/SUPERTAB mesh generation schemes. Efficient solutions for a semi-elliptic sur
face crack in a finite plate have been produced and compared to solutions in the literature. 
Arrangements are in hand to apply the technique to a series of test problems.

5.4 Life assessment

5.4.1 General

The main aim over this period has been to continue the preparation of a series of papers review
ing all aspects needed to produce design guidance on creep-fatigue. A first draft of this background 
guide should be available by mid 1987. Design rules should then follow by the end of the 1987/88 
year.

One o f the most difficult aspects relates to design margins for creep-fatigue interaction evalua
tion. Design margins exist to allow for microscopic defects in components which cause fatigue lives 
to  be reduced. Up to now, creep-fatigue interaction has been assumed to cause growing fatigue 
cracks to fail when they interact w ith  creep voids in the material, but it is becoming clear that creep 
can also cause premature initiation of fatigue. Work is in hand to analyse creep-fatigue tests to  at
tem pt to separate the premature crack initiation (already covered in the design margins) from the 
premature failure due to void interaction.

Work has been carried out to define suitable strain criteria for multi-axial fatigue and creep. 
In fatigue a procedure has been proposed which is based on crack growtffmechanisms, high cycle 
fatigue being dominated by Stage 1 cracks which grow in shear, and low cycle fatigue by Stage
2 cracks which grow perpendicular to  the maximum principal stress. In creep there are fewer

experimental data, and further work is proposed. As an interim measure, the standard strain measure 
used in existing high temperature codes (von Mises equivalent strain) has been suggested.

Recent complex cycle uni-axial tests have shown some surprising results, including fatigue 
crack growth under compressive cycles. A wide peer review of the work has been sought and fur
ther confirmatory tests are in progress, which should lead to improved proposals for assessment 
in the next reporting period.

5.4.2 Thermal striping

Structural Integrity based work has progressed well, w ith construction of the SUPERSOMITE 
test rig proceeding to schedule except for some anticipated slippage in the provision of the test 
vessel. Work on associated facilities has thrown up some problems in sodium decontamination and 
NDT developments, but the contract for the firs t stage of the on-line data analysis equipment has 
been placed.

The small thermal striping test rig SOMITE has been used for a long-term test on a parent 
plate specimen in addition to experimental work connected with SUPERSOMITE sodium decontamina
tion studies. Previous anomalous results obtained on weld metal specimens are being investigated. 
The development of the CLOUDBURST computer code has made steady progress and it has now 
been validated for periodic temperature variation against analytical solutions and the STRIPE code.

Materials work has continued on combined shock and striping. The programme to obtain short 
and long crack growth thresholds in Type 316 parent and weld metal is now beginning.

5.4.3 Thermal shock testing

Thermal fatigue tests on wrought 9Cr steel have continued during the period. Dwell times 
of 0 ■ 5 to  1 hour have produced no reduction in endurance. Experiments at lower strain ranges (0 • 5%) 
are in hand. Such experiments minimise the cost of running the rig enabling current funding restruc- 
tions to be coped with. It is planned to run experiments on welded testpieces next.

An outline design for a simple downshock rig to  be used for testing 9Cr steel at long dwells 
and low strain ranges has been produced. Further assessments are to be made of the ability of the 
rig to  produce both tensile and compressive dwells in the same specimen prior to  producing a fully 
detailed and costed design.

In the salt baths rig, the main emphasis has been on establishing the thermal response of 
testpieces as a function of their design and their position in the baths. Both solid cyclinder and 
tubeplate specimens have been studied, the latter in conjunction with analytical studies to optimise 
specimen design.

A limited amount of testing has been undertaken mainly at low strain ranges (0 • 6%) of solid 
cylinders. Welded 316 cyclinders for the next phase of the programme are being manufactured.

5.5 Dynamics

5.5.1 Aseismic design methods

Further work has been carried out to evaluate the existing types o f seismic isolation con
cepts from the point o f view o f dynamic performance safety and cost. A  jo in t research programme 
involving the US, UK and Japan has been formulated. This programme extends over three years 
and involves analytical and experimental studies of different types o f seismic isolation systems.

Work has progressed towards modelling a typical fast reactor structure mounted on aseismic 
isolation bearings fo r the purpose of investigating the response to earthquake loading under soft-



site conditions. The structure model is a replica of the one used in the initial studies. This work was 
based on extreme hard-site conditions.

The current work attempts to  model the other site extreme by establishing a soft-site w ith 
a site frequency initially set at 1 Hz which corresponds w ith the isolation bearing frequency, the 
purpose of which is to  induce resonance between site and bearings.

Further work on relative displacements between superstructures and foundations for struc
tures on hard ground has been completed.

A preliminary assessment of the frequency characteristics and fundamental response to ear
thquake input has been undertaken for a circular containment structure. Static coefficients and 
response spectra have been produced from a simple 'stick' model. The circular plan-form represents 
an overall departure from rectangular forms and should give the designers more opportunity to deal 
w ith earthquake, and other natural hazard/accident induced forces.

5.5.2 Fluid-structure interaction

A two-dimensional fluid tank system was analysed using BERDYNE. A seismic time history, 
in the form of a modified El-Centro accelerogram, was used as the forcing function.

Dynamic pressures and surface behaviour, e.g. wave height and wave periods, were calculated 
together w ith the structural response. These results were compared to other results, published in 
the open literature, which had been obtained from a virtually identical model analysed by the code 
FLUSTR, developed at Argonne National Laboratory, USA. It was fQund that the BERDYNE results 
were in good agreement w ith  FLUSTR for the cases considered, which covered both rigid tank wall 
and flexible tank wall cases.

2D fluid structural interaction validation work is largely complete and a summary document 
will be produced detailing all the validation test cases considered. 3D validation work will commence 
when data become available.

A paper has been issued, which reviewed current procedures for analysing fluid-structure 
interaction problems. In particular the paucity of validated finite element codes capable of analys
ing general 2D and 3D fluid-structure interaction problems was highlighted. The limitations of cur
rent design rules associated w ith surface sloshing behaviour were also discussed.

5.5.3 Seismic response of major components

Dynamic shear buckling test work is progressing w ith the development of a facility for 
generating high forces at high frequencies, i.e. 1 0 M 0 5N at 250 Hz. The design work is complete 
and procurement of materials and equipment is underway.

Future work w ill be to build and commission the high frequency test facility and complete 
the dynamic shear buckling tests on tw o test vessels. Analytical investigation into the shear buckl
ing characteristics of the primary vessel w ill continue, following the completion of this experimen
tal work.

5.6 Crack growth

A CEGB procedure for crack growth assessments under steady creep conditions has been 
made available. This is being examined to  see what modifications, if any, are necessary before it 
can be adopted for fast reactor components.

In many fast reactor structures, the main interest lies in thermal shock and thermal striping 
rather than in steady loading. Here much more research is needed to understand the metallurgical 
phenomena which control crack growth and on calculational methods to predict crack growth in 
components as opposed to test specimens. Programmes of work are currently being drawn up.

6. ENGINEERING COM PONENTS

6.1 Primary circuit

6.7.7 Hot pool thermal-hydraulics

Work has continued at Dounreay on developing the three-dimensional computational fluid 
dynamics code ASTEC. This is now beginning to supersede the INCA code for application to pro
blems of complex geometry because of the flexibility provided by its finite-element mesh. A tw o 
equation turbulence transport model has been incorporated into the code and it has been interfaced 
w ith  the Harwell pre- and post-processing procedures GRIDPROC and OUTPROC to make the code 
easier to use. The code is being applied to a number of problems including the self-cooling of fuel 
sub-assemblies.

A t RNL the 1 /5 scale air model of the CDFR above core structure and hot pool has been used 
to study the sensitivity of core outlet thermocouples to  changes in sub-assembly power output or 
flowrate. The results are presently being evaluated.

6.1.2- Thermal striping

Work has continued on the investigation of the thermohydraulics of thermal striping. It has 
tw o aspects: temperature fluctuations in the fluid, and heat transfer between the fluid and structure.

Extensive heat transfer data from various experiments have been evaluated. It has been 
established that for certain conditions there is a significant reduction in the surface temperature 
amplitudes compared with those in the fluid. The correlations and understanding obtained will enable 
fluid fluctuation measurements, which are easier to make, to be translated into surface temperature 
fluctuations for structural assessments.

Analysis of the fluid temperature fluctuations measured in the AKB experiment at Interatom, 
which represented the hot plenum thermal striping situation, is nearing completion for all test flow  
conditions in both sodium and air.

New methods of analysis are being developed aimed at understanding and characterising the 
transport and the effective sizes, shapes and statistical parameters of fluid eddies associated w ith 
the larger temperature excursions in the fluctuating signals.

6.1.3 Cover gas and roof insulation

In all pool-type LMFBRs the hot pool is separated from the roof of the reactor by a cover gas 
space. The roof is at a lower temperature than the sodium, and hence heat is transferred by a number 
of mechanisms from the sodium pool to the roof. In order to design a reliable and economic roof 
it is important that the heat transfer and mass transfer processes in the cover gas are well understood. 
The situation is particularly difficult because of the complex geometry of the roof, and the com
peting physical mechanisms involved in heat and mass transfer.

The heat transfer from the sodium pool to the roof is strongly affected by the presence of 
sodium aerosols. A comprehensive programme of work on aerosol behaviour is being undertaken. 
A theoretical model describing the behaviour of aerosols has been developed at Harwell, and ex
perimental work is now being undertaken to validate this model. A  sodium heat and mass transfer 
rig (known as the '6 0  cm sodium rig') has been operated w ith  sodium for the past year and is cur
rently being used to measure the mass transfer from a hot sodium pool to  a cooled roof. Some work 
is also being undertaken to estimate the attenuation of thermal radiation in an aerosol-laden cover gas.

In order to  study the physics o f aerosol behaviour and to  validate the theories a water-air 
aerosol rig has been constructed. This rig (known as ASTER) w ill study the dynamics of aerosols 
in a relatively simple geometry, using laser diagnostic equipment to  monitor the size and density



distribution of aerosols in a channel. The rig w ill provide information on aerosol growth rate, evapora
tion rate, and deposition rate.

Annular gaps are formed between the penetrations (pumps, intermediate heat exchangers) 
and the roof structure. Since the roof is maintained at relatively low temperatures, buoyancy driv
ing forces are set up which can convect warm, sodium-laden cover gas from the above-sodium region 
into the annulus. The finite difference program FLOW3D has been used to predict the thermal per
formance of vertical annular gaps which are opened to large hot inventories of fluid at the bottom 
and have cooled vertical walls. This numerical work suggests that there are complex flow  struc
tures in the gaps, which may lead to temperature fluctuations. These predictions have been 
qualitatively verified by the limited experimental information available.

Emissivity measurements for sodium and sodium-contaminated steel surfaces are being made 
under contract at Manchester University. Improvements to the rig have enabled emissivity 
measurements to be made for sodium at temperatures in the range 150 to 300°C  and sodium 
evaporating in the range 300 to 500°C. Visualisation studies of sodium condensation show how 
surface condition and environment temperature can affect condensate distribution.

Following initial tests on multiplate thermal insulation for the underside of the vessel roof (SARI 
1 ) NNC have mounted a new test section in the Sodium Components Test Rig in RNL to investigate 
the effect of sodium deposition w ithin a 5-plate roof insulation pack (SARI 2). The test is designed 
specifically to  study features incorporated to prevent ingress of sodium between the plates. Testing 
of the insulation pack has now started. Periodically the tests will be interrupted to inspect for sodium 
aerosol deposits.

6.1.4 Intermediate plenum

Work in this area has concentrated on the transient performance of the proposed CDFR in
termediate plenum. During a reactor trip, the hot pool sodium is cooled rapidly followed by a much 
slower cooling of the sodium in the intermediate plenum. This gives rise to  thermal gradients in the 
structural components. To reduce these gradients, modifications to design features included to allow 
for differential expansion have been introduced, e.g. flow gaps between the plenum roof and the 
penetrations for pumps and IHXs.

The OTTER rig at Harwell has been used to obtain data for a number of CDFR transient modes 
of operation, together w ith the effect of geometric changes to the roof design. The TIGER rig has 
been used to study the generic physical phenomena which occur in a stratified plenum into which 
hot fluid is allowed to enter from the top. The TIGER rig has led to a better understanding of the 
thermal hydraulic processes involved when there are competing stabilising buoyancy forces and 
disruptive inertial forces. RNL have placed a contract on Lucas Aerospace to build and test a 1/25 
scale two-dimensional water model, which will complement a proposed extension of the MITRE 
mercury facility. Flow measurements with hot film anemometers have been made for the first time 
in MITRE. A large sodium experiment, SNIP, is presently being commissioned.

The work to date suggests that the intermediate plenum concept represents a feasible way- 
of reducing temperature gradients through the structures separating the hot and cold pool, w ith 
an acceptable transient response.

Both finite-element and finite-difference codes have been used to predict the performance 
of the intermediate plenum. A t Harwell, the finite-difference code FLOW3D has been used to predict 
the flow  and temperature distribution in various plenum geometries, while the finite-element ENT- 
WIFE code has successfully predicted the mercury-filled MITRE thermal data. Recent advances in 
this area have now resulted in a body-fitted version of FL0W3D. This version is now being used 
to resolve the CDFR geometries and obtain predictions for the thermal performance w ithin various 
areas of the reactor.

Cold pool flow  tests are continuing on the 1 /11 scale model at Lucas Aerospace. Temperatures 
around the reactor structures during transients have been measured, and velocities below the 
deckplate have been determined. The model is being modified for heat transfer tests.

NNC have provided a 1/4 scale perspex model o f the CDFR diagrid which has been mounted 
in the RNL RD7 Water Facility. Complex three-dimensional flow  patterns in the outer annulus have 
been visualised using small illuminated air bubbles. Cross-flow velocities and pressures through the 
bundle of sub-assembly support tubes, and pressures across the perforated inlet ducts, have been 
measured. Velocities seem unlikely to exceed the maximum permitted to ensure against flow-induced 
vibration of the support tubes. Agreement w ith velocity predictions made by the PHOENICS com
puter code has been considerably improved by incorporating measured parameters into the code. 
Studies of gas accumulation have shown that simple roof vents are effective. ■

Under normal operating conditions the low baffle of the CDFR above-core structure may cause 
some of the coolant discharging from core sub-assemblies to be forced down into the gaps bet
ween the sub-assemblies. This inter-wrapper flow  may penetrate down to the level of the heated 
region, and so could affect wrapper temperatures. A 0 -4 8  scale 90 ° sector model is being built 
in RNL to study this problem.

6.2 Component development

6.2.1 IHX thermal-hydraulics

The steam generator code BESANT has now been modified to operate w ith  either water or 
sodium inside the tubes. It w ill be used to study various designs of IHX.

6.2.2 Buckling tests on intermediate heat exchanger tubes

The preferred design of intermediate heat exchanger for CDFR uses straight rather than cranked 
tubes. Operation of the IHX under steady state conditions presents no difficulties but during tran
sients hotter tubes are subjected to compressive loads and therefore possible buckling. The IHX 
tube buckling rig has been constructed to measure the buckling loads for a single full length tube 
of reactor specification and hence determine the allowable tube-to-tube temperature difference in 
the IHX.

6.2.3 Tube-bundle cross-flow and vibration

There are several regions in CDFR where cross-flow over tube bundles could give rise to  vibra
tion, ranging from inlet and outlet shell-side windows in the IHX or SGU to the diagrid as coolant 
flows between sub-assembly support tubes before passing through the core. A basic test programme 
is being carried out in which tube end forces are measured for a range of pitch-to-diameter ratios 
p/d and Reynolds number Re.

Three tube bundles have been tested w ith triangle pitch for p/d = 1 - 3 0  (representing IHX),
1 -65 (diagrid) and 2 -0  (SGUI. In each case flow  can be either perpendicular to (normal triangle) 
or parallel to (rotated triangle) rows of tubes.

Well inside the bundle the pressure loss coefficient was found to be the same for all six con
figurations provided the velocity in the minimum gap is used and Re> 10s.

Flow patterns around tubes and the resulting fluctuating forces are very complex, being depen
dent on p/d. Re and position of tubes. Whilst details of Strouhal number and force coefficients vary

6.1.5 Cold pool, diagrid and core thermohydraulics



with p/d, the following general points were noted:

(i) the firs t and second tube row behaviour differed considerably from that of tubes deeper 
in the bundle;

(ii) there was a critical Re below which there were sharp peaks in the excitation force fre
quency spectrum;

(iii) above the critical Re peaks were much broader (and sometimes absent). This response 
was also typical o f tubes deeper in the bundle for all Re;

(iv) R.m.s. force coefficients were significantly higher for R e < 1 -5 x 1 0 5 than for 
Re> 1 ■ 5 x 10s.

6.2.4 Fuel handling

Significant cost reductions can be made in the fuel transfer system if it can be shown that 
irradiated sub-assemblies w ith  relatively high decay heat output (=  35 kW) can be safely transfer
red from the reactor w ithout any forced cooling provision. It is necessary to  be able to predict the 
fuel pin temperatures in the event that the transfer bucket becomes delayed or stuck to be certain 
that there w ill be no release of radioactive material.

To support the analysis of the thermal conditions in a fuel transfer bucket, a 1/3 scale mer
cury experiment has been mounted and tested in Risley Nuclear Laboratories. Measurements have 
been made of the temperature distributions within the bucket for a range of angles of inclination, 
and at conditions which span those in the reactor.

6.3 Steam generators

6.3.1 Thermal-hydraulics

Flow distribution and mixing studies are being made in tw o  air models of the SGU tube bun
dle at Northern Engineering Industries. One is a 7/10 scale 60 ° sector model, and the other a full- 
scale 7 x 7  array of tubes.

The bottom end of the J-tube steam generator has strong three-dimensional effects requiring 
the most detailed (body-fitted) co-ordinated codes.

6.3.2 Sodium-water reactions

During the year the UK programme on sodium-water reactions has been agreed. This takes 
into account the requirements of CEGB and NNC together w ith the activities in this area in Europe. 
The main thrust of the programme is to develop computer codes to allow the design of safe and 
economically viable SGUs and secondary circuits.

A theoretical model of small and intermediate leak wastage is being developed based on ex
perimental work at Harwell. The results of a comparison of the model w ith experiments on the Small 
Water Leak Rig (SWLR) have been encouraging.

In support of code development and validation a tota l o f six intermediate leak tests were car
ried out in the Super Noah Rig at Dounreay. Five were at the PFR evaporator conditions and the 
sixth was the firs t in a series of tests using 9Cr1Mo steel at CDFR conditions. These tests have 
confirmed that overheating failures of tubes do not occur when the tubes have a flow of water through 
them. A series of small leak wastage tests investigating the inlet and outlet region of a CDFR SGU 
have been carried out in the SWLR.

Tests have continued at Harwell to investigate the blocking mechanisms in steam microleaks. 
The work has confirmed the role of sodium ingress, counter-current to  the steam flow, in the spon
taneous blocking observed in microleak studies.

A revised sodium/steam injector has been developed at Harwell to  produce sprays simulating 
entrainment of sodium in SGU steam to sodium leaks.

Measurements are being made w ith the objective of correlating wastage of target materials 
w ith  'flame' temperature and chemical composition.

A number of tests have been conducted in the SWLR to simulate conditions followng a design 
base accident during which there is a failure to  isolate the steam supply from the SGU. In this case, 
a surface interaction w ill occur in the dump tank and steam w ill also react w ith the residual sodium 
film on pipes and welds in the SGU and secondary circuit. Dump tank internals and welds were 
exposed at the surface and stressed weld samples were located in the gas space. Preliminary 
metallurgical examinations have shown that for samples subjected to normal operating conditions 
there was no damage.

6.4 Instrumentation

6.4.1 Under-sodium inspection

It is now acknowledged that the inspection beneath the sodium of fast reactors requires 
methods quite unlike those used elsewhere. To ease the instrumentation problems, it is assumed 
that a significantly redundant construction will be used and inspection w ill be limited to detecting 
evidence of structural failure, perhaps by dimensional gauging, and the searching for loose parts 
or debris by pseudo visual imaging, probably using ultrasound. Since the successful demonstration 
of under-sodium viewing in the PFR the development programme has been directed at extending 
the technology to commercial stations.

Key elements in the system are the transducers. The type used in the PFR experiment were 
lead-zirconate-titanate (PZT), which are limited in operation to < 3 00 °C . An improved method of 
bonding piezo-electric transducers to their containment diaphragms has been developed and tested. 
This patented 'pressure bond' can be used on both PZT and lithium niobate types. Extended tests 
on the latter at 550°C  have been successful.

An ideal ultrasonic imaging system would use a phased array of transducers to effect scann
ing w ithout mechanical movement. A prototype electronic scanning equipment is being developed 
by Portsmouth Polytechnic under contract. The first phase of development will be complete in 1987, 
and this will enable experiments to test transducer arrays to be undertaken.

The pulses obtained from under-sodium transducers tend to be very long, the signal 
reverberating for tw enty or more cycles. This is the main reason why, for example, they cannot 
be used yet for volumetric inspection. The pulse length also causes errors in imaging. A commer
cialised method for shortening the pulse is to  shape the driving electrical signal to  compensate for 
the reverberation. This has been tested in the laboratory, and shown to work in principle.

6.4.2 Ultrasonic gauging

A method for measuring distances accurately using ultrasound is being examined. Ultrasonic 
pulse-echo techniques, as used previously on PFR, are subject to  error if the signal amplitude varies 
significantly. Phase comparison methods are accurate, but ambiguous for distances over one 
wavelength. A scheme has been devised where the transducer sends and receives ultrasound con
tinuously. The phase of the echo is monitored whilst the frequency is altered. It can be shown that, 
w ith  modern highly accurate frequency generators, distances over tw o metres can be compared 
to a precision of a fraction of a millimetre (subject to the temperature of the sodium being uniform).



Coupling between send and receive transducers must be minimised, hence the transducer 
developments above.

6.4.3 Boiling noise detection

The development o f techniques for the detection of boiling noise signals has proceeded. Pat
tern recognition methods have been used successfully to detect boiling in signals from the Russian 
B0R60 reactor which were obtained as part of an IAEA exercise. In this experiment there was a 
strong correlation between the acoustic and neutronic signals illustrating that confidence in warn
ing level signals can be greatly enhanced if an independent variable confirms the indication.

6.4.4 Ultrasonic temperature measurements

Experiments have been carried out on the STRUM 1 rig in collaboration w ith  NNC to assess 
the feasibility of measuring the outlet temperatures of radial blanket sub-assemblies using ultrasonics. 
The method depends on the variation of velocity of sound in sodium w ith  temperature so that by 
measuring the transit time o f an acoustic pulse over a known distance the mean temperature of 
the sodium in the path can be deduced.

In the experiment, which uses hot and cold water to simulate the turbulent temperature field 
across the tops of the sub-assemblies, it was found that a satisfactory measurement of a tránsient 
temperature could be made.

7. MATERIALS

7.1 Mechanical properties

7.1.1 Mechanical properties in air of smooth specimens of Type 316 steel and 
associated weld metal (excluding irradiation)

The need for stress relaxation data is mainly in relation to creep/fatigue damage analysis. 
A matrix of tests at 550 /600°C  on Type 316UN) steel was completed at RNL and found to be con
sistent w ith earlier French data.

The continuous cycling fatigue design curves on Type 316 steel, e.g. ASME Code Case N47, 
are not well-founded. RNL has taken all known low cycle fatigue data on Type 316 steel, carried 
out a statistical analysis and produced a series of fatigue curves covering the temperature range 
up to 650°C.

Present creep/fatigue design rules are currently based on those given in ASME Code Case 
N47. These are not well-founded, but the development of alternative rules requires the generation 
of appropriate test data (particularly from long term tests where the damage mechanism may cor
respond to that in reactor components). Long term tests are continuing at RNL and SNL on Type 
316 steel. One specimen at RNL failed in 3 'A  years (the longest known test duration for stainless 
steel). Analyses of the long term test results continue to support a ductility exhaustion approach.

In practice, thermal shock and thermal striping may occur simultaneously. Accordingly, tests 
are being performed on Type 316 steel at 600°C in which strain controlled rapid cycles are superim
posed onto creep/fatigue cycles during the relaxation period. The superposition of the rapid cycles 
was found to suppress the stress relaxation after an initial rapid fall; metallography confirmed the 
absence of creep damage in the fractured specimens. However, early failures were observed in a 
number of tests. Initial analysis suggested that these were due to the presence of high mean tensile 
stress (or strain). However, premature failures were later observed when compressive strain cycles 
were applied. The most likely interpretation is that the creep/fatigue cycles cause early crack initiation;

propagation is then dominated by the strain controlled rapid cycles. The implication to design of 
these results has still to  be considered.

Low temperature (up to  500°C) cyclic stress controlled deformation tests have been com
pleted on Type 316 steel. A t 25 and 100°C, conditions for stability (strain per cycle falls below 
10'* within 500 cycles) were evaluated in terms of the 0.2%  proof strength. It was found that at 
temperatures of 200°C -400°C  cyclic instability is most unlikely, and that stresses may be limited 
by gross plasticity considerations. A t 500°C, creep may need to be taken into consideration in defin
ing acceptable cyclic stress levels.

7.1.2 Mechanical properties in air of cracked specimens of Type 316 steel 
and associated weld metal (excluding irradiation)

To aid the development of thermal striping design methodologies based on a defect tolerance 
approach, a series o f threshold and near-threshold fatigue crack growth rate tests is to  be made 
on long and short cracks in Type 316L(N) steel and weld metal. A  fairly low carbon (0.039%) elec
trode w ith  a 17Cr8Ni2Mo composition has been identified and th is will be used for the preparation 
o f 25 mm thick TIG welds (identified as the welding method most likely to  be used for thin sections 
in the above-core structure). Tests are to  be performed in vacuum and/or helium to provide a low 
oxygen environment approaching that of sodium. A combined vacuum/helium purification system 
has been constructed and commissioned; further commissioning w ith the test chambers is now in 
progress.

Fracture toughness tests at 20 °, 250°, 370° and 550° have been made on 17Cr8Ni 2Mo 
narrow gap TIG weld metal deposited as a circumferential butt weld in a Type 316 austenitic stainless 
steel pipe. Although there is some doubt about the possible influence of plastic deformation in the 
adjacent parent metal on the measured values of fracture toughness, the results indicate that the 
toughness of the narrow gap TIG weld metal is much higher than that of a 17Cr8Ni2Mo MMA weld 
and appears to  be similar to, or better than, the toughness of Type 316 steel.

7.1.3 Mechanical properties in air of ferritic steels

Most of the work is currently concentrated on evaluating the properties of thick section 
9Cr1 Mo steel and in particular of a tubeplate forging supplied by Kobe Steel Ltd. Work is being per
formed at RNL, AERE, CEGB (CERL) and Babcock Power pic and is being co-ordinated by NNC.

The AERE involvement in this programme to date has fallen into tw o  areas: the baseline 
materials and thermal ageing test programmes, and fundamental structural studies of the as-received 
Q + T forging. The baseline materials and thermal ageing programmes are proceeding according 
to  schedule. The specimen machining for the baseline programme was completed in May 1986. 
The fracture testing of these specimens is currently in progress at AERE; at RNL specimens are being 
pre-cracked prior to  testing. The specimens for the thermal ageing programme are being aged for
1,000-50,000 h in the temperature range 350°-550°C . The 1,000 h ageing treatments were com
pleted in August 1986 and the impact behaviour is currently being examined.

The fundamental structural studies of the Kobe 9Cr1 Mo forging have been the area of greatest 
technical progress at AERE. Two investigations have recently been completed and reported. In the 
first investigation the positional variations in microstructure and composition were examined in a 
horizontal section through the forging. The second investigation looked at the effects of austenitis- 
ing temperature (800°-1350°C ) on microstructure and phase stability in the material. The results 
showed the section of the forging to be extremely uniform in chemical composition, w ith  a very 
low inclusion content and very low levels of residual impurity elements (P, S, Sn, Sb). The microstruc
ture was fully martensitic throughout the section, w ith  a uniform grain size of 30-40 pm. However, 
large (1-5 jjm) M2JC6 particles were observed throughout the forging, which had not been taken into 
solution during the austénitisation treatment at 925°C . A minimum temperature of 950°-975°C  
was required for complete solution.



Validation mechanical testing of 125 mm thick 9Cr1Mo plate has now been completed and 
a report on the work is currently being prepared by Babcock Power pic for NNC. The study is limited 
to short term mechanical tests, namely tensile, Charpy and Pellini tests. A preliminary inspection 
indicates that the strength values are slightly higher than those found for the Kobe forging but still 
below the average value for thin section material. Elongation and impact properties are satisfactory.

A programme of tensile tests, to examine the uniformity and directionality of the Kobe tubeplate 
forging in the quenched and tempered and the simulated PWHT condition, has been completed and 
reported. There was no significant variation in tensile properties w ith position or direction in the 
forging over the temperature range investigated from ambient to  550°C . The results were also in 
very good agreement w ith  tests on the forging made by Babcock Power pic, which showed little 
effect of radial position in the forging or of the PWHT simulation heat treatment.

Stress rupture tests on both Q + T and PWHT forging material have continued at 525°C  
and tests are also in progress on the PWHT material at 475°C . All rupture data so far (to about 
2000 h on PWHT material and to about 6000 h on Q + T material at 525°C) show no difference 
in strength between the Q + T and PWHT materials. The data lie between the ISO mean curve 
and a -  10% data curve for thin section N + T 9Cr1 Mo steel. No e ffect of directionality or position 
w ithin the forging on stress rupture strength is discernible.

7.2 Sodium compatibility

7.2.1 Corrosion and structural behaviour of steels in sodium

Studies of the mass transfer behaviour of Types 316 and 321 stainless steels in a pumped 
loop (ДТ 650°-450°C ) at oxygen levels below 5 ppm have proceeded satisfactorily throughout the 
year. The aim is to  investigate their corrosion and deposition behaviour in sodium systems at low 
oxygen levels, characteristic of those obtained during long term operation o f reactor plant, and one 
more test of six months duration is required to  finish the programme.

Corrosion losses recorded on specimens removed from the high temperature part of the loop 
(650°C) are still in reasonable agreement with predictions based on the existing RNL design equa
tion. Metallography and supporting microprobe analyses have also revealed sub-surface oxidation 
and the loss of alloying elements, notably Mn, in some high temperature regions.

7.2.2 Interstitial element transport -  carburization studies

Following the recent discovery that the surface concentration of carbon in stainless steel 
exposed to carburizing sodium environments is a time-dependent parameter, and that the time to 
reach equilibrium is dictated by the carbon activity of the sodium, a study o f the kinetics of carbon 
take-up by stainless steel surfaces at fixed carbon activities is being attempted, using the Harwell 
carbon meter to  monitor the carbon activity of the sodium. This work is now incorporated into the 
European collaborative programme. So far, quantitative measurements made at 650°C at an indicated 
carbon activity of 10-1 have shown that it takes 60 days for Types 316 and 321 stainless steel 
foils 75 )/m th ick to  reach an equilibrium value of 1.5 ± 0.1 w/o. A second series of tests is now 
in progress at 550°C  at an indicated carbon meter reading of unity.

7.2.3 Structural modifications and mechanical property changes in new  
and current materials after exposure to contaminants in sodium

Studies to  establish.the effect of sodium environments contaminated w ith  caustic (NaOH) 
and zinc on the structure and mechanical property behaviour of 9Cr1 Mo ferritic steel and the Type 
300 stainless steels have continued during the year. The metallurgical structure of 9Cr1Mo in the 
solution treated, tempered and thermally aged conditions has been examined by ТЕМ and Scanning- 
TEM techniques in order to identify how changes in carbide precipitation, dislocation density and

the general morphology can be related to the fracture characteristics of the material in the various 
contaminated environments.

The tensile properties of two long term thermally aged Type 316 steel samples removed from 
CEGB power stations after service times of 28,000 h and 60,000 h at 650° and 640°C respectively 
have been investigated in a sodium-zinc vapour environment at 350°C . The test results obtained 
on both specimens exhibited stable stress-strain curves, w ith  no evidence of failure in the uniform 
flow  region of the curves.

In support o f the interstitial studies reported under Section 7.2.2 samples of Type 316 and 
321 stainless steels are being exposed to oil-contaminated sodium environments at 650°C  and 
550°C in order to  determine more precisely what levels of carbon in the steel promote surface crack
ing at low strains when the materials are subject to tensile, bend and fatigue loadings in reactor plant.

7.3 Waterside corrosion

7.3.1 Waterside corrosion of 9Cr1Mo steel under heat flux conditions

A test section designed to extend knowledge of corrosion and oxide deposition over a wider 
range of heat fluxes than has been used hitherto was removed from the Mild Steel Loop at AERE 
after 4 ,000 h exposure under all volatile treatment (AVT) water chemistry conditions. The heat flux 
along the test section (9Cr1 Mo) varied from 0 to 1200 kW /m2. Post-corrosion examination of this 
test section is now complete and the results are being assessed. At this stage it appears that the 
relationship: % increase in the rate of magnetite deposition due to  heat flux = к (heat flux)4, breaks 
down at heat fluxes of.about 800 kW/mJ. A t higher heat fluxes, the % increase in the rate of 
magnetite deposition appears to  be directly proportional to  heat flux.

The protective e ffect o f an outer magnetite layer laid down under AVT water chemistry con
ditions is again evident, the rate of metal loss by corrosion being found to decrease w ith rise in 
heat flux.

7.3.2 Stress corrosion cracking of boiler steels

Work is continuing in order to understand the effect o f thermal ageing on the stress corrosion 
cracking (SCC) behaviour of 9Cr1 Mo steel under normal and fault steam generator water chemistries. 
As ageing is known to  cause the segregation of impurity elements to  grain boundaries, micro- 
structural/composition studies are being carried out together w ith slow strain rate tests in the 
appropriate environments.

In order to understand the results of slow strain rate tests, the materials being used have 
been characterised by scanning transmission electron microscope studies. They included Q + T 
(0.012 w/o P), N + T commercial (0.023 w/o P) and AERE high phosphorus (0.061 w/o P( materials. 
Interesting information was obtained on the behaviour of various elements, including silicon and 
phosphorus and that the rate at which elements redistribute during thermal ageing is strongly depen
dent oh the prior heat treatment and/or the particular cast.

Initial tests in the pumped loop facility, which became available at the beginning of July, have 
been carried out at 300°C . Dissolved oxygen levels were maintained at less than 5 ppb and am
monia dosing was used to adjust the pH to 9.0. The specimens were machined from unaged and 
aged (1000h at 550°C) N + T material. Tests at strain rates of 10‘* and 10"7 s_1 have been com
pleted w ith the specimens failing in an essentially ductile manner. No evidence of environmental 
assisted cracking has been discerned though control tests in an inert environment still have to be 
completed.



Tests have been carried out on the N + T commercial (0.023 w/o) and high phosphorus (0.061 
w/o) materials in 300°C  water containing 90 and 35 ppm sulphate respectively using a static 
autoclave. A fter ageing for 1000h at 550°C these materials showed crack propagation rates of
1.2 x 10 '6 and 2 x 10 ‘  mm/s which are only slightly higher than for the unaged materials at a nominal 
strain rate of 2 x 10 ‘ /s.

Ferritic materials show good resistance to stress corrosion provided that certain metallurgical 
conditions, such as hardness and sensitisation, are avoided. However, they are not completely 
immune and insufficient information is available to rank the alternative materials for steam generators 
or to assess the operational margins which exist against SCC. Slow strain rate tests are being car
ried out in pressurised water at 300°C to compare the stress corrosion behaviour of the alternative 
ferritic steels under normal and fault water chemistry conditions, and to evaluate the effect of ageing.

7.3.3 Steam oxidation of boiler materials

Long term tests on 9Cr1Mo steel and other boiler tube materials now extend beyond 75,000 h 
(8 ’/ i  years) w ithout unacceptably high oxidation rates being observed. It is planned to review the 
need for continuation of the test programme.

7.3.4 Testing of explosive welds in pressurised water

Interim results from studies of the possible stress corrosion susceptibility of explosive welds 
in pressurised water environments have continued on welds at various temperatures in the range 
30° to  340°C . Dissolved oxygen levels have been maintained at < 5 ppb w ith ammonia dosing 
to  adjust the pH to 9.0. Although these very severe tests resulted in considerable crack extension 
in the vicinity of the weld, this took place in the parent metal rather than along the ripple weld inter
face. Comparison of the results w ith those of control tests in an inert atmosphere of helium, showed 
little discernible effect o f environment.

7.4 Inspection development 

7.4.1 NOT of austenitic welds

The results of theoretical work at AERE Harwell on ultrasonic ray tracing in homogeneous 
media have been used to model the grain structure for a variety of weld geometries and to investigate 
the behaviour o f beams of compression and shear waves. The advantageous properties of horizon
tally polarised shear waves are seen for all the welds modelled. The model is being extended to 
include a defect in the beam path while studies have continued on the validity of the various models 
which can be used to represent the effect of the roughness of such a defect. Theory has been shown 
to predict well the enhanced detectability of rough cracks in low angle pusle-echo inspection and 
of small rough cracks compared with smooth cracks.

Experimental ultrasonic work at AERE Harwell has confirmed that results obtained w ith horizon
tally polarised shear waves are easier to interpret than those obtained using other modes. Scanning 
rates of 5 mm per second have been achieved which might be adequate for manual scanning but 
not for automatic scanning. Consultants have failed to identify superior couplants to overcome these 
problems and future studies with SH waves will concentrate on electromagnetic acoustic transducers 
(EMATS).

Other work at AERE Harwell has confirmed the feasibility of using neutron diffraction to 
meausre residual stresses in austenitic weldments and that the correction due to the use of spherical 
wavefronts can be neglected in the modelling of the interaction of ultrasound w ith tigh t cracks.

A versatile scanning frame capable of positioning and scanning two ultrasonic probes anywhere 
on the horizontal, inclined, or vertical faces of a test block which is up to 1000 x 1000 x 500 mm

in size is being commissioned at AERE Harwell. This w ill facilitate work on more complex welded 
assemblies.

At RNL experimental work is in progress on the study of the basic ultrasonic properties of 
austenitic 316 weld metal laid down using different welding procedures. Velocity measurements 
have been made as a function of direction for compression waves in samples of weld metal laid 
down using submerged arc (both high and low power), MIG (ordinary and synergic) and MMA (for 
comparison w ith previous results) welding procedures. As expected, considerable differences have 
been observed between the results for the different weld metals. Measurements of attenuation and 
noise levels are beginning.

Also at RNL, four tee butt and cruciform weld specimen designs have been made up using 
25 and 50 mm plate to study the inspectability of the welds. These specimens include artificial reflec
tors inserted during fabrication and their detectability is being studied using automated scanning 
w ith normal and angle longitudinal wave probes.

7.4.2 NDT for fusion welded tube-to-tubeplate joints

The 1 50 kV rod anode microfocus X-ray unit at RNL has been maintained in operational con
ditions to support fabrication development of pintle welds. Some consideration has been given to 
the relative inspectability of the various options available for a straight tube, ferritic, steam generator. 
No expeimental work has been undertaken on the off-set pintle weld design which is being con
sidered by NNC in addition to the standard pintle design.

7.4.3 NDT of explosive welds

SNL have undertaken a preliminary study of techniques for the ultrasonic examination of ex
plosive welds for tube-to-tubeplate joints in the geometry proposed for the CDFR intermediate heat 
exchanger and are evaluating miniaturised equipment for the geometry of a possible steam generator 
w ith  12 mm bore tubing. The latter work includes consideration of the possibility of undertaking 
in-service examinations at temperatures up to 70°C.

7.4.4 NDT for heat exchanger tubing

AERE Harwell have been undertaking a brief feasibility study o f the use of EMATS for the 
in-service inspections (ISI) o f tubing. The problems are associated w ith those of miniaturisation and 
do not appear soluble at the present time.

8. CHEM ISTRY

8.1 Activity transfer in sodium circuits

8.1.1 Basic radionuclide transport studies

The Active Mass Transfer Loop (AMTL) at Harwell has been used in a major investigation 
into the transport and deposition of caesium (traced w ith 1 34 caesium) in liquid sodium. Radioac
tive counting of the loop system showed that of the caesium deposited, only a small fraction was 
found on the loop cold leg (600°-380°C ) and dump tank surfaces. A lmost 95% of the caesium 
was associated w ith particulate sludge in the dump tank well, and about 5% was in the cold trap, 
possibly associated w ith particulates. Both the dump tank and cold trap (380° and 170°C respec
tively) were in circuit during the run. The implication of these results is that in an otherwise clean



reactor sodium circuit, little caesium should be deposited on IHX tube surfaces. Detailed counting 
of the cold leg pipework showed that the small amounts of caesium which did deposit were evenly 
distributed and did not favour high or low temperature regions.

In parallel w ith  analysis of the results from the caesium investigation, a major redesign and 
rebuild of the AMTL is underway. A facility for studying transport of radioisotopes (134 caesium, 
65 zinc, 60 cobalt, 54 manganese) through an above-sodium argon environment is being incorporated 
into the AMTL in the form of a Vapour Transport Vessel (VTV) in the loop circuit.

8.1.2 Radionuclide distribution in the PFR

Further reactor vault gamma scans were carried out during 1986 as part of the continuing 
investigation into the deposition of radionuclides below the diagrid in the primary circuit. A preliminary 
assessment suggests that there has been a slight increase in 134 caesium and 137 caesium levels, 
and a significant increase in 60 cobalt and 54 manganese levels compared to the levels recorded 
in December 1985, presumably as a result of sustained full power operation.

8.2 Manufacture, development and performance of meters for sodium circuits

Attention has been given during 1 986 to finding ways of protecting Harwell oxygen sensors 
from thermal shock which if  severe, can result in failure. Ways of improving the sensor module to 
prevent thermal shocks reaching the sensor are being considered. To this end the MILDU (Micro- 
Leak-Detection Unit) prototype, which incorporates features such as reduced flow  rate, a thermal 
'buffer', heat exchangers and a delay tank, has been recommissioned to explore the idea of adap
ting the design for the simpler task of protecting a single oxygen sensor. As a firs t step the sodium 
flow in the prototype has been subjected to large thermal ramps (greater than 50°C/m in for 3 mini 
and it has been shown that the consequential temperature changes at the sensors were less than
0.5°C. It is planned to Install a module incorporating the essential MILDU features in a loop on the 
PFR at Dounreay (perhaps in the secondary or primary cold trap loop).

The tw o  meter-calibration facilities at Harwell have been used during the year to  satisfy 
demands from the UK and Europe; both have continued to show notable reliability.

The Mk IIA oxygen meter installed in the Secondary Cold Trap Loop (SCTL) on the PFR In 
January 1986 continued to operate and at the end of the year had achieved over 8,000 h operation 
in the temperature range 380°-410°C . This meter has achieved the second longest lifetime of any 
o f the meters installed on the SCTL, the longest to  date being around 15,000 h, at temperature; 
average lifetimes are around 5,400 h.

The prototype Harwell carbon trend meter, developed from the standard Harwell carbon meter 
and designed to give rapid evidence of changes in carbon activity in sodium, has generally worked 
well on a loop at Risley, but has been found to be rather insensitive at the lower sodium temperatures. 
To overcome this problem, the ionisation amplifier has been redesigned and a more sensitive readout 
Is being provided.

8.3 Sodium impurity control

8.3.1 PFR cold traps

The secondary circuit cold trap basket installed in June 1984 and removed in November 1985, 
was cleaned in April 1986 after on-line operation for the equivalent of 80 efpd. Examination indicated 
similar deposition patterns to those seen previously. There had been significant deposition on the 
radial plates of the support stool, which replaces the bottom doughnut, where the sodium flow  had 
passed directly over them. There were no obvious signs of blockages within the basket. The measured

tritium Inventory of the trap was around 480 Ci (18 TBq), the highest yet seen, reflecting the con
tinued high power operation of the PFR and the isolation of the primary cold trap in September 1985. 
The average removal of tritium by the trap was estimated at 6 Ci (220 GBq)/efpd.

The basket currently In use has operated since January 1986. It now has an estimated total 
mixed oxide/hydride loading of 65 kg (33.6 kg sodium hydride, 21.4 kg sodium oxide, balance ( 10.0 
kg) mixed oxide/hydride believed to have been le ft in the cold trap vessel when the previous basket 
was removed for cleaning). The indicated efficiencies for the trap were around 100% for hydrogen 
and 80% for oxygen.

8.3.2 Cold trap development

The study of the performance of meshless cold traps has continued throughout the year. Two 
tests involving addition of sodium hydride and clean-up via the trap at the tw o  operating flow  rates 
of 10 g/s and 18 g/s have been completed. Operation of the trap at the higher flow  rate gave, as 
expected, low clean-up efficiencies; viz for hydrogen, up to 50% for clean-up from 180° to  160°C  
and 40%  for clean-up from 160° to 120°C, and for oxygen typically less than 10%. The perfor
mance of the trap at the lower flow rates (10 g/s) was significantly better, w ith efficiencies for 
hydrogen in the region of 100% and oxygen up to 30%.

Comparison of these findings with the predictions of the VICSEN code gave reasonable agree
ment w ith both the observed deposition and performance of the trap at the lower flow  rate, although 
for both flow  rates, better agreement w ith the observed deposition pattern was obtained when a 
low hydride diffusivity value was used.

8.4 General sodium chemistry/technology

8.4.1 DFR decommissioning

During 1986 the decommissioning of the DFR has concentrated on work to provide data for 
the design and installation of equipment to remove the estimated 20 kCi (740 TBq) of activity, mainly 
137 caesium, from the primary NaK coolant. Laboratory experiments have been conducted at 
Dounreay to determine the feasibility of using Sigratex (a carbonaceous textile made in Germany) 
for this purpose. The results showed that the Sigratex is capable of absorbing at least 5-10% of 
its own weight of caesium at a NaK temperature of 80°C . Therefore less than 10 kg of Sigratex 
would be required to contain the caesium in solution in the NaK. A process to  treat the caesium- 
loaded Sigratex prior to  ultimate disposal has also been Investigated. The one chosen is based on 
the well documented reaction of liquid ammonia w ith the alkali metals, followed by addition of water, 
leading to  production of metal hydroxide. These reactions are docile and controllable. Most of the 
caesium activity was found in the hydroxide solution, w ith a small amount still associated w ith the 
Sigratex solid. The hydroxide liquor can be evaporated to  dryness, leaving a solid residue for ultimate 
disposal.

8.4.2 Detection of oil ingress into sodium circuits

Experiments at Risley to  determine what levels of oil entering liquid sodium can be determined 
by the analysis of gas space samples taken above the sodium pool, using gas chromatography with 
flame ionisation detection or thermal conductivity detector (TCD), or by Harwell carbon meters 
immersed in the sodium have continued since the last review. The temperatures used in the 
experiments are typical of those anticipated inside the PFR pump casing (370°C). Scaling the data 
available so far to the cover gas and sodium volumes inside the pump casing o f the PFR (370°C), 
indicates that a gas chromatograph operating w ith  a TCD unit could detect an oil leak of about 23 g 
in 10 minutes.



8.4.3 Basic carbon in sodium studies

Attempts are being made at Risley to  establish the rate of carbon uptake by Types 321 and 
316 (annealed and cold worked) stainless steel foils (75 j^m thick) when exposed to dynamic sodium 
at 650°C  at carbon activities of less than unity. The purpose of the tests is to  try to  establish the 
time it takes for the surface concentration in the steel to reach an equilibrium value, and how this 
time dependency affects the carburization rates (currently estimated on the basis that the surface 
concentration is achieved instantaneously). Recent nuclear microprobe analysis of the foils now in
dicates that at a measured carbon activity o f 0.1 (Harwell carbon meter reading) the carbon con
centration in the first 2.5 fjm of the foils cross-section achieved an equilibrium value of 1.45 ± 0.1 % 
after 55 days exposure to the carburizing sodium environment. These figures are to  be compared 
w ith  the bulk carbon values which indicated an equilibrium bulk carbon value of 1.5 ± 0.1%  after 
an exposure of 60 days. An assessment o f the carbon activity of the sodium during this period is 
now being made by comparing the Harwell carbon meter readings w ith  the carbon activity values 
obtained by exposure of pure nickel and iron- (20%) manganese foils to  the sodium during certain 
periods of the test.

8.4.4 PFR gas blanket monitoring

Monitoring of the argon gas blanket (AGB) for hydrogen, helium, oxygen, nitrogen and methane 
by gas chromatography has continued throughout 1986. Typical impurity levels during the year were: 
hydrogen around 10 vpm, helium around 5 vpm, oxygen less than 20 vpm, nitrogen around 50 vpm 
and methane below the current detection lim it o f around 50 vpm. Work to reduce the detection 
lim it for methane to 20 vpm is in hand.

Gaseous fission products, in particular 133 xenon and 135 xenon, have been monitored 
throughout the period by gamma spectrometry. The installed equipment has operated satisfactorily 
and allowed successful early detection of tw o  fuel failures during the year.

8.4.5 PFR hydrogen and tritium levels

Primary circuit hydrogen and tritium  levels continued to be monitored (using the spare Harwell 
carbon meter membrane) when circuit temperatures were above 500°C . During reactor operation 
in the period December 1985 to May 1 986 hydrogen was in the range 0 .42-0.48 ppm and tritium 
in the range 33.3-44.4 kBq/g (900-1 200 nCi/g sodium). The lower tritium  figures were measured 
on start-up, and were comparable w ith  the previous start-up values. During reactor operation 
between August and December 1986, hydrogen was in the range 0.25-0.42 ppm. Tritium increas
ed during the period from 30 kBq/g (810 nCi/g) to  44 kBq/g (1200 nCi/g), confirming measurements 
made last year which indicated a rise of around 0.185-0 .220 TBq/efpd (5-6 Ci/efpd) in the absence 
o f any primary circuit cold trapping.

Experiments to  study hydrogen and tritium movements in the PFR primary circuit have con
tinued when plant conditions permitted. Measurements of hydrogen diffusion rates from the water
side o f the SGUs gave similar diffusion rates viz 0.091, 0.085 and 0.095 g/h respectively for cir
cuits 1, 2 and 3. In addition, during a period o f high average hydrogen levels in the secondary cir
cuits (when levels were around 0.7 ppm, w ith  primary levels around 0.45 ppm), a diffusion rate 
from the secondary circuits to  the primary circuit o f around 0.11 g (hydrogen)/h was measured. 
The individual circuit contributions were 0.04, 0.03, 0 .04  g/h respectively for circuits 1, 2 and 3.

8.5 Sodium cleaning and decontamination

8.5.1 PFR fuel charge machine

The Mk I charge machine was transferred in September 1986 from the Active Viewing and 
Maintenance Facility (AVMF) in the Reactor Hall to  the decontamination vessel for sodium removal 
and decontamination prior to  refurbishment work, and revalidation in the Reactor Hall test tower.

Gamma spectrometry indicated that the main radionuclides present on the machine were 134 
caesium and 137 caesium and that overall a caesium decontamination factor (DF) of around 5 was 
achieved. No DFs were measured for either 60 cobalt or 54 manganese, as in the initial gamma 
spectrum the 137 caesium and 134 caesium peaks swamped all other peaks present.

8.5.2 Assessment of decontaminating solutions

In the firs t phase of studies at AERE some twelve different reagent solutions (mostly organic 
acids) were tested for their metal removal capacity on three types of stainless steel, viz Types 316, 
304 and 321, at reagent temperatures between 25° and 80°C. A second phase of the work involved 
decontamination o f the Harwell Active Mass Transfer Loop (AMTL) pipework (of Type 316 stainless 
steel) which bore deposited radioactive species such as 54 manganese, 60 cobalt and 65 zinc. The 
decontaminating reagents used were respectively a 1% 'SDG 3' solution (active ingredient citric 
acid and EDTA), a 2%% glycollic /2 ’/ j % citric acid solution, and a 30% 'Parcodine' solution (active 
ingredient 41%  phosphoric/3.2% sulphuric acid).

The 1 % SDG3 solution was superior to  the other reagents. The work showed that there is 
a strong effect due to  the temperature of the original sodium environment of the pipework, and 
this could give rise to difficulties when decontaminating IHXs.

A small test programme was also carried out in support of Dounreay's requirement to iden
tify  a suitable chemical reagent for decontamination of the PFR Fuel Charge Machine. The originally 
preferred 1% SDG3 solution had by this time (early 1986) been banned because it contained, in 
addition to citric acid, a chelating agent (EDTA) which interfered w ith  the subsequent ion exchange 
treatment of the washings. The reagents tested against SDG3 were in fact a 1 % citric acid solu
tion, a 30% Parcodine solution and a 30% Parcodine solution preceded by an alkaline wash of 20 g/l 
sodium hydroxide + 2 g/l potassium permanganate. All tests used AMTL pipework (bearing the 
above mentioned radioactive deposits) w ith the reagents at 70°C for tw o consecutive 6 h washes. 
The results showed, unfortunately, that 1 % SDG3 solution was superior to the other reagents and 
provided decontaminating factors approximately 4 times larger than 1 % citric acid alone, thus show
ing the value of the EDTA. The mineral acid based Parcodine solutions produced DF values equivalent 
to those of 1 % SDG3, but removed about 30 times the amount of metal from the surface, and were 
judged to be too aggressive, it  was recommended that a 1 % SDG3 solution, minus the EDTA con
tent, should be made up and used for the Charge Machine decontamination.

9. CORE AND  FUEL

9.1 PFR experience

Sustained high power operation of the PFR continued during 1986. Runs 11 and 12 were 
completed and 178 efpd added, bringing the cumulative total to 854 efpd. Steady, high power run
ning, typical o f base load station operation, which commenced in Run 8 in 1984, was continued 
throughout the year and now totals 374 efpd. Thus components discharged at Reload 12 (at the 
end of 1986) have spent virtually their entire lives at design ratings and w ill yield performance data 
applicable w ithout reservation to  CDFR fuel modelling and endorsement.
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Burn-up and dose statistics for 63,797 pins irradiated in the PFR up to the end of 1986 are 
illustrated in Figs 1 and 2. Maximum dose and burn-up levels achieved by sub-assemblies irradiated 
during the year are stated in Table 1.
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TABLE 1

Highest burn-up and dose levels achieved in the PFR up to  the end of 1986 
lew = cold worked, STA = solution treated and annealed)

Sub-assemblies Clusters

Material Burn-up
(%)

Dose
dpa

(NRT)

Burn-up
(%)

Dose
dpa

(NRT)

cw  FV548 clad pins 8.7 51 13.8 67

cw  M 316 clad pins 10.7 80 13.8 67

STA PE16 clad pins 15.9 116 14.7 85

cw  En58B wrappers 57 - -
STA PE16 wrappers - 116 - -
Ferritic/m artensitic wrappers 76 * -
Radial blanket pins 2.0 42 - -

Two important milestones were reached during the course of 1986 and substantial progress 
made towards the realisation of a third. A sub-assembly of PE16 clad pins, was discharged at 15.9% 
burn-up, 116 dpa. The goal burn-up for PFR radial blanket pins of 2% was reached by one sub- 
assembly at the end of Run 12. Control rods attained a peak exposure of 352 efpd before discharge. 
Absorber pins now in the reactor w ill surpass the target figure of 400 efpd during 1987.

To date, the results from measurements of length change in CW M316 clad pins exposed 
at steady high power have remained consistent with the empirical pin growth/dose relationship 
originally derived. The greatly increased number of measurements has reinforced earlier indications 
o f variability in pin behaviour and has highlighted a strong dependence of clad swelling rate on the 
alloy cast from which the can was fabricated. From analysis of the results it has been possible to 
identify high and low swelling casts, differing in swelling rate by up to a factor of 5, but, as yet, 
no clear metallurgical explanation for differences in void swelling behaviour has emerged. Although 
no reduction in axial growth rates of M 316 clad pins has been seen, the satisfactory performance 
of these pins at progressive examinations has allowed the limiting discharge dose to be increased 
from 50 to 70 dpa, permitting irradiation of standard driver charge sub-assemblies to  circa 10%.

In contrast to stainless steels, PE16 components have shown overall reductions in swelling 
rates compared with those seen before the onset of steady high power operation. Detailed examina
tion of the early data had suggested that the unexpectedly high swelling behaviour of PE16 com
ponents in PFR was associated w ith  the low and fluctuating inlet temperatures experienced during 
these early runs and these recent observations tend to confirm this. Maintenance of a minimum 
coolant inlet temperature of 400°C  has been recommended in consequence but studies of PE16 
swelling behaviour at temperatures down to 370°C, the inlet temperature proposed for CDFR, are 
continuing.

The overall improvement in the swelling characteristics of PE16 components irradiated in PFR 
encourages confidence in the high burn-up capability of PE16 clad pins in PFR and CDFR.

Three failures of fuel pins were logged in 1986, bringing the total, including leaking pins and 
transient failures to twelve. The first was evident as a small release of fission gas soon after a reac
to r trip early in Run 11.

Delayed neutron (DN) signals rose above background 29 days later and escalated erratically 
to  450 cm! SERA (Standard Equivalent Recoil Area), when the reactor was shut down to discharge 
the failure. The delayed neutron signals were traced to an experimental sub-assembly at 7.8% BU, 
having a number of non-typical features, e.g. FV 548 clad, non-uniform grid spacing, and a part



loading of gel vibro fuel pins. Under sodium radiography of the sub-assembly has been carried out, 
but the nature and location of the failure could not be discerned.

The second failure was signalled by a large increase in blanket gas activ ity early in Run 11В 
which increased further over a period of 1 8 hours until a large but transient DN signal was recorded. 
The DN signal, corresponding to an exposed fuel area of 160 cm2 (SERA) at peak declined to 
background level within 6 hours and subsequently re-appeared, briefly, at a low level. The failure 
which was identified as a sub-assembly incorporating standard pins in non-standard grids, was 
removed from the reactor, after 13 days operation with nominally exposed fuel, at 5.6% BU. No 
logical cause o f failure, other than a fabrication anomaly, can be ascribed. Post irradiation examina
tion has not yet begun.

The final failure was associated with, and inferred to be precipitated by, a reactor trip during 
Run 12. Reactor operation continued for 35 days without a major escalation of the cover gas signals, 
but a small transient DN signal, insufficient to  allow positive identification of its source before reac
tor shut down for Reload 12, was then discerned. The absence of fission gas activity or DN signals 
on return to  power after Reload 12 suggested that the failure had been removed from the reactor 
during refuelling. Location loop scans from the end of Run 12 are to be studied in detail, and sub- 
assemblies discharged during Run 12 will be sniffed for fission gas in order to  locate the failure.

9.2 Restrained core studies

A major achievement of the year was the completion of the extensive analysis of the com
parative static mechanics behaviour of PE16 wrappers taken to 20% burn-up. Both "n a tu ra l"  and 
"barre l”  core restraints were considered. It was confirmed that barrel cores generate high pad loads 
and low bows while natural cores produce low pad loads but high bows and large spike loads on 
refuelling. It is recognised that, w ith moderately swelling wrapper materials, neither style is entirely 
satisfactory and that a better balance of loads displacements and dynamic characteristics can be 
obtained by an alternative, hybrid arrangement.

9.3 Absorber development

The development programme for fast reactor neutron absorbers continues to be based on 
experimental DMSA cluster irradiations and the detailed examination of selected pins from PFR control 
and shut-off rods. The experiments provide generic data on the factors affecting absorber behaviour 
and pin life, and model advanced pin designs. Data on PFR pin performance are compared w ith predic
tions of the BORCON code used to estimate pin lifetime and thus assist both validation and refine
ment of the model.

The primary aims of the programme have changed, in response to progress made and advances 
in the targets set for CDFR components. The first target for a PFR control rod, 400 efpd ( — 8% 
burn-up), w ill be passed in early 1987. The next target, endorsement of the CDFR design to 10% 
burn-up, covering a nominal duty of 8% burn-up, has been superseded, these targets having now 
doubled, in accord w ith fuel burn-up targets, to  allow control rod residence times of not less than
2 years.

Swelling data on B4C pellets from the experimental cluster programme have been extended 
to 7% total boron burn-up (7 x 10“  captures/cm3) in 40% enriched pellets. The essentially linear 
growth is maintained although data scatter is increasing. Future targets for the acquisition of basic 
data from irradiations already completed or in progress are as follows:

(i) 7% burn-up in natural boron, 11% burn-up in 40% enriched pellets in 1986.

(ii) 18% burn-up in 40% enriched pellets in 1989.

The role of cluster irradiations, in providing fundamental data on life limiting factors w ill con
tinue, but it  is proposed that forward looking pin designs, predicted to have endurance lim its up 
to  720 efpd, (12% burn-up) be loaded into PFR control rods.

9.4 Clad and wrapper materials

9.4.1 General

Identification and characterisation of clad and wrapper materials capable of sustaining damage 
doses up to 200 dpa NRT without unacceptable swelling, creep, or degradation of mechanical pro
perties is recognised to be the highest priority item in the fuels development programme. Austenitic 
stainless steels, which were judged adequate for PFR duty have been rejected as a class for CDFR 
service on the grounds of inadequate microstructural stability, creep strength and swelling resistance 
at higher dose levels. An exception has ben made in the case of the alloy HL548 made to a specifica
tion conferring maximum stability and creep strength, which has been retained as a fall back should 
unacceptable features emerge in nominally superior alloys.

The approved list of leading contenders for selection as reference clad and wrapper material 
is subject to continuous review in the light of fabrication and irradiation data coming forward. The 
current position is indicated below, alloys being listed in a preference order which takes account 
of fabrication development status as well as perceived potential.

Wrappers/Clad

Ferritic/martensitic, FV488
PE16
HL548
Oxide dispersion
Strengthened (ODS) ferritic (Clad only)

Pre-eminence is given to maximum swelling resistance in the wrapper and to high temperature 
creep strength coupled with a low rate of swelling in the clad.

9.4.2 Materials irradiations

Materials rigs containing swelling, creep, post irradiation tensile and fracture toughness 
specimens have occupied 12/13 DMSA cluster positions in PFR throughout the year.

There have been no major discharges of void swelling specimens during the year but three 
rigs, containing specimens of the principal clad and wrapper alloys selected for CDFR application 
began irradiation and three more are being assembled. These are intended to produce swelling data 
at appropriately high doses at five temperatures between 420°C  and 650°C. Irradiation creep 
specimens new available for examination after exposure to -  52 dpa at 420°C  and to ~ 4 0  dpa 
at 500°C  and specimens irradiated to — 34 dpa at 600°C  will be discharged in mid 1987. Future 
studies have been extended to include irradiations at 460°C  and 550°C. Swelling specimens have 
been discharged at peak dose levels to 69 dpa and fracture toughness specimens at 51 dpa are 
available for testing.

9.4.3 Void swelling studies

A number of PFR PE16 components have been examined in detail to investigate the cause/s 
of the observed variability in swelling behaviour. This work has shown that not only does variability



exist between DFR and PFR irradiated material but also between PFR components themselves. The 
variability is believed to be due to:

(a) microchemical differences between casts;

(b) minor microstructural differences dependent on fabrication route; and

(c) fluctuating irradiation temperatures, particularly below 400°C.

Reductions in swelling behaviour are already being seen in PE 16 components as steady high power 
operation is sustained.

A detailed ТЕМ study of the void characteristics through the thickness o f PE 16 PFR wrapper 
material has shown that there is little variation in the void swelling across the thickness of the wrapper 
face but significant variations exist across the thickness of the wrapper corners. Such differences 
in swelling would accentuate any existing stress gradients at the corners.

9.4.4 Mechanical properties

The extension of helical spring specimens irradiated at 420°C  have been measured and 
evaluated at tw o  dose levels. The leading specimens have reached 51 dpa NRT. The data quoted 
suggest normalised creep rates for FV448, PE16 and M 316 in the ratio 1:7 :10, a sequence which 
lends support to the thesis that low swelling is allied to low irradiation creep although the difference 
in rate between M316 and PE16 is significantly less than expected.

The uniaxial stress ramp test on unirradiated clad tube samples has continued to be the basis 
for obtaining creep data for design equations because of its high sensitivity.

(a) STA PE16 has high creep strength but CWA PE16, which promises improved swelling 
resistance and fracture toughness, is stronger at times up to 11,000 hours at 700°C.

(b) HL548, developed from FV548, is showing very good creep strength, for an austenitic 
stainless steel, for times up to -  10,000 hours. In separate studies, this alloy shows 
no real evidence of recrystallisation after 20,000 hours at 650°C , 700°C  and 750°C, 
which is in striking contrast to observations on M316 and FV548.

10. SAFETY

10.1 Fuel failure

10.1.1 PFR-TREAT programme

It was reported in 1 986 that the major policy change in the USA to reorient fast reactor 
development work towards small, inherently safe cores had led to a review of the PFR/TREAT pro
gramme. It was agreed to reduce the number of additional fuel pin failure tests to  five which are 
expected to be started in 1988.

Post failure analysis of tests on UK fuel has continued at Winfrith using the SIMMER-II code. 
Three transient undercooled overpower (TUCOP) tests have been analysed and the calculations 
showed fuel dispersal comparable with the hodoscope indications. In addition, one o f the firs t tran
sient overpower tests previously analysed w ith a 1D model has now been analysed w ith  a more 
detailed 2D model.

10.1.2 The CABR I programme

The UKAEA is a junior partner in this programme and during 1986 five tests were performed 
on fuel pre-irradiated in PFR to 3 atom % burn-up. These were:

(i) a non-failure transient over-power (TOP) test designed to improve knowledge on fuel 
modelling;

(ii) a pure loss of flow test designed to provide a benchmark for the following transient under
cooled overpower (TUCOP) tests;

(iii) a TUCOP test designed to investigate fuel break-up criteria;

(iv) a TUCOP test involving fuel failure into a partially voided sodium channel;

(v) a TUCOP test involving fuel failure into a voided sodium channel.

These tests complete the CABRI-1 test matrix. The CABRI-1 series of tests has provided an 
invaluable data base on low and intermediate burn-up fuel behaviour during hypothetical whole core 
fast reactor accidents. The data base is currently being used in the UK to validate the FRAX whole 
core accident code and its component modules (EPIC, COMCYL). Fuel characterisation work and 
transient analysis up to pin failure and beyond (for TUCOP w ith clad melting) is carried out using 
the TRAFIC code. This code is valuable in understanding the fuel behaviour both during normal and 
transient conditions. In particular several issues relating to  pin failure and fuel disruption have been 
highlighted during the year.

10.1.3 The SCARABEE-N programme

Like the CABRI programme, this in-pile programme of sub-assembly accident tests, involving 
pin failure, is carried out at Cadarache, and the UK participates w ith attachés in France and suppor
ting work at Winfrith.

During the past year tw o further expeiments have been performed on total inlet blockage 
at start-up and total instantaneous inlet blockage at power. This brings the total number of com
pleted experiments to eight.

Analysis at Winfrith has included studies of tests on slow pump rundown (37 pins) and also 
total instantaneous blockage at power ( 19 pins) using the computer codes SABRE and SIMMER-2. 
The pin bundle thermal-hydraulics code SABRE has been used to study the early thermal-hydraulic 
behaviour prior to pin failure, whilst SIMMER-2 has been uáed to model the complete experiment, 
but in less geometrical detail.

10.2 Sodium boiling

10.2.1 Low power sodium boiling experiment

The experiment (SOBOB) is concerned w ith sodium boiling at decay heat power levels, where 
a common design feature is the promotion of a natural circulation flow . A validation of the flow  
stability at boiling onset would enhance the safety argument.

Following the completion of the loop for the test section, a commissioning programme has 
been carried out to establish the operating characteristics of the circuit. The control and measure
ment of the very low flows proved satisfactory, and the calibration procedure for the sensitive 
pressure transducers was confirmed.

The 19 pin bundle manufactured at Springfields has been installed in the test section housing 
prior to installation in the sodium facility. The sodium commissioning of the test section is scheduled 
for April 1987.



10.2.2 Ispra 12 pin sodium boiling experiments

Analysis is underway at W infrith of the results of measurements at Ispra of single phase 
pressure drop, tw o phase pressure drop, and dryout conditions in a 12 pin grid-spaced sodium cooled 
rod cluster. The pressure drop measurements were greatly affected by noise and zero errors. It was 
possible, however, to demonstrate that the measured tube pressure drop was consistent w ith  the 
use of a smooth tube friction factor and the SABRE code grid model, corrected for the presence 
of grid mounted instrumentation. The tw o phase pressure drop measurements did not allow the 
grid and tube bundle contributions to be separated, nor could the individual components of the 
pressure drop, i.e. friction, acceleration and static head, be separated. In all cases the grid head 
losses and the friction were dominant and were correctly calculated using a volume-averaged-density 
homogeneous boiling model.

10.2.3 Boiling codes and analysis

The main thrust of the SABRE code development at Winfrith has continued to be the implemen
tation of the tw o-flu id  model, which treats vapour and liquid flow  independently. Steady state boil
ing calculations for a single channel have been carried out and the variation o f pressure drop w ith  
flow  rate has been compared with homogeneous boiling calculations; good agreement has been 
obtained.

Demonstration calculations have been made for a mixture of liquid and vapour flow ing past 
a blockage. These calculations were made for a row of 12 sub-channels w ith a 33% blockage, w ith  
an inlet volume fraction of 5% vapour.

Further investigation has been made of oscillatory boiling in slow flow  rundown transients. 
The phenomenon here is the formation of a long thin boiling region which is collapsed due to the 
entrainment o f single phase fluid into the rear of the bubble.

10.2.4 Dryout models

The existing correlations for dryout in liquid metals have proved to be inaccurate for rod cluster 
data and unsuitable if applied to non-uniform geometry, non-uniform power profile or in transients. 
They are thus inappropriate for application to  nearly all fast reactor safety problems since these 
involve non-uniformity of geometry and boiling behaviour. Recently results from a number of bun
dle experiments for both forced and mixed convection conditions have become available. The forced 
convection experimental data has been analysed at W infrith on the basis of a local-conditions film- 
thickness approach and it has been found that in all cases the dryout heat flux was proportional 
to  the liquid void fraction. The results for both gridded and wire-wrapped bundles were found to 
imply the same dryout criterion when this is expressed in terms of a critical film thickness in relation 
to a constant multiplied by the local heat flux. The value of the constant has been determined for 
rod cluster geometry. The experimental data have also been examined in terms of droplet entrain
ment models developed from water dryout results.

10.3 Fault detection

10.3.1 Acoustic detection of boiling

A review was carried out during the year, at Risley Nuclear Laboratories, which showed that 
there was a good prospect of a satisfactory trip instrument based on the acoustic detection of bulk 
boiling at the outlet of the sub-assembly. A diagnostic system to give warning of local boiling at 
a lower level o f confidence is also feasible. It was pointed out that if a marginal indication of boiling 
on an acoustic instrument was accompanied by a similar indication on some other independent in

strument, e.g. temperature or reactivity noise, there would be much greater confidence that an 
abnormal condition existed. It was suggested tha t the use of independent parameters in combina
tion to generate a trip function should be considered further.

Pattern Recognition (PR) methods have been used increasingly for the detection of boiling 
in d ifficu lt background noise conditions. In a benchmark test carried out under an IAEA collaborative 
research programme, PR techniques were cost effective in distinguishing acoustic pulses due to 
boiling from other pulses in data obtained during a boiling experiment in the Russian BOR6O reactor. 
Another interesting feature of this experiment was that there was a strong correlation between the 
acoustic signal and the signal from an ionisation chamber during developed boiling, again indicating 
the advantage of using independent parameters.

10.3.2 Ultrasonic temperature measurement

A study has been carried out at Risley Nuclear Laboratories of the feasibility of measuring 
the outlet temperature of a sub-assembly remotely using ultrasonics. This technique if successful 
would permit the monitoring of radial blanket outlet temperatures.

Tests in static sodium have shown that the method is capable of good accuracy over the 
range from  200°C  to  600°C . Further experiments have been carried out in a model using water 
to  investigate the e ffect o f turbulence on the transmission across the tops of the sub-assembly, 
w ith  encouraging results. The possibility o f carrying out an experiment in the PFR is being considered.

10.3.3 Delayed neutron monitoring

The PFR experience w ith delayed neutron signals has been reviewed and compared w ith  the 
available information from the PIE of the clad failures and world wide experience. This review has 
considered the modelling parameters which contribute to  the observed signals, w ith  the objective 
of preparing a simple qualitative model for these signals.

Work is proceeding to assess the response of the PFR delayed neutron systems, through an 
assessment of the one-fifth scale water model results obtained at Risley Nuclear Laboratories and 
the procurement of a uranium nickel calibration foil.

10.4 Energetic molten fuel-coolant interactions (MFCI)

10.4.1 Molten fuel test facility -  MFTF

The studies of molten fuel/water mixing at W infrith were completed in June 1986. These 
provided to be particularly d ifficu lt experiments, requiring good operation of complex melt handling 
systems and instrumentation within a pressurised saturated steam environment. Nevertheless a con
siderable quantity of data was generated and analysis of this is continuing at Winfrith and at Culham, 
where the analysis is linked to the development of mixing codes.

Recommissioning of the MFTF for the programme of sodium pool experiments began at the 
end of June 1986, and by the end of August 1986 had progressed to the final stage of functional 
testing. The first sodium experiments are fuel melt/sodium MFCI scaling studies; they began in ear
ly November 1986 and will be completed in m id-1987. These experiments w ill be carried out part- 
concurrently w ith  a series of pool based, fuel melt penetration and MFCI studies in stagnant sodium 
in structures representing features of sub-assembly geometry. Design of the test sections and other 
equipment for this work is progressing satisfactorily and the first experiment of this series is expected 
to be carried out early in 1987.



10.4.2 M FC I analysis and assessment

Heat transfer between a hot fuel and a coolant can take place by conduction through a vapour 
layer, followed by molecular heat transfer, possibly involving condensation of evaporation at the 
coolant surface. This sequence, for which the basic theory for the molecular transfer is not well 
understood, has been investigated at Culham, Harwell and at the Safety and Reliability Directorate, 
Culcheth. In most situations, conductive heat transfer is the limiting process and uncertainties in 
the molecular mechanism are unimportant. Boundary conditions for the heat and mass transfer equa
tions have been formulated, and a description of the processes involved, in terms of lim itations to 
heat transfer, is almost complete. Calculations have begun of the timescales necessary for 
temperature equilibration in coolant vapour layers.

The development of a parametric MFCI expansion model (CURLIM) has been completed at 
Culham. The model embodies a mathematical representation of the expansion stage of a fuel 
melt/sodium MFCI, w ith  particular attention to  lim itations to damage potential arising from finite 
heat transfer rates. The model will be applied to the analysis of the programme of sodium MFCI 
experiments in MFTF. ~‘ ú

Development of the two-dimensional, three-component, unsteady code CHYMES has been 
completed at Culham. The code has been used to model a mixing experiment carried out at Argonne 
National Laboratories, in which a je t of hot molten core material was injected into a vessel partly 
filled with water. The predictions were in good agreement w ith the data, suggesting that the empirical 
correlations used in CHYMES to model interphase drag and heat transfer are broadly appropriate.

10.5 Sub-assembly faults

10.5.1 Molten fuel motion and freezing

Modelling of the melting and freezing of molten fuel is of interest in connection w ith  the study 
o f melt propagation and penetration, and for the analysis of the molten pool tests. A t W inf rith e ffort 
has been devoted to the development of a calculation method based on the SABRE code. However 
calculations of bulk freezing in tubes and across bundles have been made plus some for conduction 
freezing in tubes. The crust build-up and melt propagation models appear to be working correctly, 
since test calculations have been successfully performed.

10.5.2 Melt penetration studies for SCARABEE-N

An experiment in the Small Melt Penetration Rig (SMPR) at Winfrith has been carried out in 
which molten U 02 (actually the U 02/Mo mixture given by the usual W infrith thermite charge) was 
injected into a small array of dummy fuel pins at a pressure of 0.6 MPa. The depth of penetration 
o f the melt compared well w ith  calculations carried out by the SCARABEE-N team at Cadarache 
using the PROPAGEL code. Another test was carried out in the SMPR in February 1986 in which 
the molten U 02/Mo mixture was injected into a set o f four tubes, three of the tubes being of 3 mm
i.d. and one of 5 mm i.d. Penetration distances along the tubes were about 300 and 500 mm respec
tively for the tw o  diameters, also in broad agreement w ith PROPAGEL predictions.

10.5.3 Core compaction

If a molten fuel-coolant interaction (MFCI) occurred with sufficient energy to burst a wrap
per, a pressure pulse would be transmitted to  the other sub-assemblies, producing changes in the 
reactivity o f the core.

Previously, experimental work has been carried out at Springfields to study the problem for 
the PFR. It is necessary to extend the work for CDFR because of the different style of core restraint.

A combined theoretical and experimental approach is being followed. Currently, simple calculations 
are being carried out to  determine the mechanical energy required to cause a significant change 
in reactivity. This takes account of the restraints on the core sub-assemblies and will include a deter
mination of the energy at which they start to  deform plastically. A study will then be made of the 
dissipative forces which remove energy from the initial event.

A one-fifth scale model sub-assembly has been developed which represents the dynamic 
behaviour of the CDFR sub-assemblies, i.e. it has correctly scaled mass, bending stiffness, pad s tiff
ness and damping. It is designed to be used in water, which correctly represents the inertial proper
ties of liquid sodium, although the viscoity is somewhat too high. Three of these models are cur
rently being used for seismic experiments. When the earthquake work has been completed, it is 
planned to adapt the rig to study the impulsive flow  o f fluid past sub-assemblies following an MFCI. 
This w ill lead to a more detailed study of the fluid forces on a sub-assembly following an MFCI and 
hence a better estimation of their subsequent movements.

10.5.4 Wrapper fracture toughness and fatigue assessments

An analytical defect assessment method for longitudinal midflat cracks in fast reactor wrap
pers has been developed at Harwell which incorporates both unstable crack propagation and liga
ment plastic collapse. The analysis has been examined for two experimentally determined irradiated 
wrapper toughness conditions, viz low toughness Nimonic PE16, and high toughness Type 321 
austenitic stainless steel. For the high toughness situation, the wrapper always fails by plastic col
lapse, whereas for the low toughness condition unstable fracture always ensues.

A potential thermal fatigue problem has been identified in the CDFR design as a consequence 
of re-entrant downward ('interstitial') sodium flow . Data assessments on the effects of fast reactor 
irradiation on fatigue crack growth rates in relevant materials have been completed. The data imply 
that Nimonic PE 16 wrappers may experience fatigue lifetime problems; ferritic-martensitic and 
austenitic stainless steels are less susceptible.

10.5.5 Natural convection

Work on this topic is concerned with experimental and theoretical studies of natural and mixed 
convection cooling of blocked sub-assemblies. The experimental work (SONACO project) has been 
carried out at the Swiss Federal Reactor Research Establishment EIR Würenlingen and the theoretical 
work is being done at Dounreay using the INCA and ASTEC codes. The codes are being applied 
to  a range o f safety problems w ith particular reference to the problem of blocked radial blanket 
sub-assemblies.

INCA simulations of five radial cooling cases have been performed, utilising new friction loss 
data received from EIR and an experimentally determined value of the transverse bundle conductivi
ty  which is 25% higher than that used previously. These changes have improved the predictions 
for the higher power and higher annulus flow-rate cases, and agreement between experiment and 
prediction is now very good.

The intention of producing an above-bundle turbulence model for the INCA code has been 
abandoned; such a model has been provided for the ASTEC code and it is intended to use this for 
all future analyses of SONACO tests, and radial blanket faults. Using ASTEC, a model of a 30° 
sector of the SONACO experiment has been constructed, which can be used for axisymmetric simula
tions. This has been applied to simulate an experimental run which employed the radial cooling mode 
w ith  a uniform bundle power. The resulting bundle temperatures agreed well w ith  the experimental 
results, and w ith  earlier INCA predictions.

Another ASTEC mesh of the SONACO rig has been constructed with no assumed symmetry, 
in order to simulate asymmetric radial and axial cooling modes. At present this model is being validated 
on a radially symmetric case.



10.6 Whole core accident analysis

10.6.1 Whole core accident modelling

A completely revised physics model for CDFR has been prepared by Central Technical Ser
vices, Risley for the CRAFT coupled-point kinetics and bowing code. This involved use of the code 
MISSIONARY to produce temperature coefficients of reactivity from COSMOS reactor physics data 
files and use o f the code FUTPIN to produce heat transfer coefficients from the basic fuel pin data.

The coolant boiling model (HOMSEP) of the whole core accident analysis code FRAX-4 has 
been improved by Central Technical Services, Risley, in the following aspects. The previous 
homogeneous treatment of the flow regimes before flow  reversal has been replaced by a new m ulti
bubble treatment giving good agreement w ith BLOW and SAS boiling code results. Explicit represen
tation of the above-pin sodium, and allowance for the effects of an external wall have been includ
ed. The latter allows HOMSEP to be applied to the analysis of single pin experiments. Modifications 
to allow for the complex frictional and pressure drop characteristics of the CABRI loop have given 
very good agreement on time of boiling and boiling front progression when the code was tested 
against experiments.

The standard version of FRAX-4 has been applied to a whole range of accident initiators for 
CDFR. In some cases the recent developments, particularly fuel motion treatment, mean that this 
is being done adequately for the first time. The cases considered are unprotected loss of flow  ULOF 
and fast ULOF, slow unprotected transient over-power transient UTOP (3 c/s) from full power and 
from zero power, fast UTOP (5 $/s and 25 $/s) and ULOHTS (loss of secondary pumps). The results 
are being used to update the beyond design basis fault information provided for the CDFR safety 
analysis. In nearly all cases only low energy «  200 MJ) HCDAs are predicted at initial neutronic 
shutdown. For the ULOHTS the accident progression depends on the assumptions made regarding 
behaviour o f components such as pumps, core support and primary vessel at high temperature.

10.6.2 Equation of state and thermodynamic properties of materials

A review of the properties of (U, Pu) 0 2, sodium and steel for accident analysis has been com
pleted at Harwell. Also a review of the cation diffusion data in the actinide oxides has been per
formed and a revised recommendation has been incorporated into the TRAFIC code. The revised 
values for the diffusion coefficient imply that the recommendations for creep and thermo-migration 
need to  be reconsidered. This is currently in progress.

Work on assessments of data on the thermal conductivity o f oxide fuel has continued. New 
information on the equation of state of uranium dioxide and urania-plutonia solutions has been 
critically examined together with models which calculate the variation of thermodynamic oxygen 
potential w ith  temperature and composition of urania and urania-plutonia solutions.

10.6.3 Chemical behaviour of fuel pins before and after clad failure

Studies at Harwell to determine the consequences of the interaction of sodium w ith  fuel in 
a fast reactor fuel pin have involved assessment studies, laboratory experiments and modelling work. 
The objectives of these studies are to provide a complete understanding of the chemical and physical 
effects following clad failure in a fuel pin.

10.7 Primary containment loading and response

10.7.1 Containment and structural response experiments

The WINCON model experiments at W infrith investigate the response of the CDFR primary 
containment to  whole core accident loadings.

The experimental programme, a series of sixteen tests, has now been successfully completed. 
The experiments have served tw o purposes:

-  they have demonstrated the characteristic response of the CDFR primary containment 
and its internal structures to simulated accident loadings at approximately 1 GJ level; and

-  they have provided data which have been used to determine the ability of the UK codes 
to predict the global response of the CDFR. Satisfactory agreement between measured 
and calculated strains and displacements have been obtained for the response of the roof 
and the vessel components.

The WINCON experiments have increased in complexity in a step-by-step fashion w ith  in
dividual experiments studying the response of specific features of the containment structures. The 
final experiment (WINCON-16 conducted in early June 1986) is the most complex experiment of 
the series combining representative models of the roof, vessel, neutron shield, intermediate plenum 
plate, IHXs and pumps. In particular, this experiment provides a demonstration of the roof response 
w ith  the main internal structures represented and w ith  a structural linkage w ith the IHXs.

10.7.2 Q '  and energy source studies

Following a hypothetical core disruptive accident (HCDA), molten core debris would mix w ith 
coolant and thermal energy could be transferred slowly over several seconds w ithout the formation 
of a shock. Such a process is termed a Q* event. A novel one-dimensional computer model of the 
pressurisation of a fast reactor vessel during a Q* event has been developed at W infrith. To avoid 
current uncertainties in quantifying the complex highly efficient heat transfer mechanisms that enable 
the liquid coolant to become the principal working fluid, the model calculates an obvious upper bound. 
Vapour production is further exaggerated by assuming that heat transfer generates only saturated 
vapour and that identical spheroids of debris are created at the likely maximum rate -  as for example 
as observed in PFR-TREAT experiments. Moreover, the assumption of a single hemispherical bub
ble of saturated vapour w ith net condensation only over its upper surface intuitively minimises the 
alleviation of vessel pressurisation.

Experiments indicate that during an HCDA sodium bubbles would be surrounded by turbulent 
liquid which is represented in the simulation by a constant-sized, well-mixed, zone.

Simulation results have been derived for a 'w orst case' which corresponds to an initially 
saturated pool in which all the fuel inventory (20 1) degrades at 4 t/s into spheroids of 1 mm radius. 
Although the short timescale pressurisation caused by the initial acceleration of the liquid into the 
cover gas space is insensitive to  the mass of the well-stirred zone of surrounding liquid, this is not 
so for the longer term pressurisation caused by progressively less effective condensation. However, 
a well-mixed zone which is less than the volume of liquid displaced by the bubble's growth results 
in an overall maximum pressure rise of just 6.5 bar when all the fuel has degraded. Because a small 
wèll-mixed zone seems improbable, the general pessimism in the model leads to  the conclusion that 
an actual Q* event would be unlikely to  hazard the integrity of the primary vessel roof seals. To 
do so, the particle size of the degraded fuel and its rate of fragmentation would have to be totally 
beyond existing experimental data and other pessimistic computer calculations of ULOF/UTOP 
accidents.

10.7.3 Dynamic structural analysis

Tripartite meetings on development of the combined loading and response code system 
SEURBNUK/EURDYN have been held with Central Technical Services, Risley, the Swiss Federal 
Research Institute, EIR at Wiirenlingen, Switzerland and JRC Ispra. A new version of the code in
cluding a generalised boundary treatment is expected early in 1987.



A CDFR primary containment model has been set up by Central Technical Services, Risley, 
to include the core support structure and IHX and pump systems for an HCDA w ith an energy yield 
of 200 MJ. The core support structure was also modelled in axi-symmetric form on the EURDYN-1 
structural dynamics code and run in comparison w ith a EURDYN-3 three dimensional model for trial 
loads; the EURDYN codes were developed by JRC Ispra. This analysis showed that only the diagrid 
modelling was important in detail. Thus it is considered reasonable to use an equivalent thin shell 
model in SEURBNUK/EURDYN for the core support structure. This model produced roof loads con
sistent w ith earlier calculations which had omitted the core support, IHX loads, primary vessel defor
mation (very small) and core support loads.

These loads have been used as input to a EURDYN-3 three-dimensional calculation of the 
response of the primary vessel and core support system. The resulting deformations are currently 
being analysed. The vessel roof response to 200 MJ loads has also been studied w ith a EURDYN-3 
model. An equivalent calculation has been set up using the ABAQUS code in order to  replace the 
simple inertia modelling of concrete in EURDYN w ith the more accurate finite element modelling 
in ABAQUS.

10.7.4 Simple models for CDFR primary containment

The CFRSIM model of the reactor/vault system has shown large stresses in some vault regions 
for 200 MJ loads and the model is being updated by Central Technical Services, Risley in conjunction 
w ith NNC. The IHX simple model has been modified to take into account forces acting on the base 
of the IHX. The new model gives stresses in the bolts connecting the IHX to the roof which are 
three times greater than predicted by the previous model, but there are still acceptably small. The 
Above Core Structure (ACS) simple model has been used to investigate the energy absorbing 
capability of the ACS through buckling for 1 GJ and 200 MJ HCDA loads. The main conclusion was 
that even with efficient buckling, the structure would probably absorb only 3% of the HCDA energy, 
although possible effects on roof loads through flow  diversion are being considered.

The CFRSIM model is being amalgamated w ith  a sodium vapour bubble expansion model at 
W infrith w ith a view to extending the effectiveness of both codes. Some work has been done on 
developing an interactive system, suitable for micro-computers and the VAX computer, to  facilitate 
the use o f simple models as described above.

10.8 Debris studies and post accident heat removal

10.8.1 Particle-bed cooling experiments

Experiments have been performed at Winfrith using resistance-heated large particles (9.5 and
1.7 mm diameter) to test the hypothesis that the RF induction methods of heating, w idely used 
in other research laboratories give anomalously high bed dry-out powers, almost double the values 
predicted for pure one-dimensional counter-flow by well established flooding correlations.

Results suggest that only direct electrical resistance heating gives pure one-dimensional 
counter flow . W ith this heating method, dry-out for particles greater than 1 mm diameter is essen
tially a flooding phenomenon.

10.8.2 Debris bed formation

The emphasis in the work at Culham in the Degraded Core Studies areas has changed from 
calculating the coolability of specified debris beds to predicting the physical characteristics of actual 
beds. The firs t results have been obtained from work on both explosive and non-explosive quen
ching of molten fuel, in sodium and water coolants.

10.9 Structural response and missile impact studies

10.9.1 Missile studies

During the reporting period, tests have been carried out on concrete slabs in both the Drop 
Test Rig and the Missile Launcher at Winfrith. The most significant findings of these tests are:

-  The perforation velocity of projectiles of different cross-sections is closely related to an 
effective diameter, equivalent to the perimeter divided by n .

-  Conical, wedge, hemispherical and fla t circular projectiles have been tested. The perfora
tion velocity was lowest w ith the flat projectile, and increased as the projectiles became 
more pointed.

-  Tests have been carried out on three hardnesses of projectile, all w ith an external diameter 
of 89 mm and with hemispherical noses. The perforation velocity increased, as missile 
stiffness (wall thickness) was reduced. Currently three different methods are used to 
predict the perforation velocities depending on whether the projectiles are hard, semi-hard 
or soft. More tests have been proposed to determine whether the number o f analyses 
can be reduced, and to determine the parameters where the mode of behaviour changes 
from one form to the next.

-  Slow speed, high mass tests have been carried out in the Drop Test Rig. These have 
demonstrated that if the same volume of reinforcement is located in two concrete elements, 
the element with bars at the closer spacing will be perforated at a higher projectile velocity. 
There must be a limitation on the greatest spacing which is a function of the missile 
diameter, because at very large spacings the projectile would not be impeded by the 
reinforcement.

-  Reducing the span of targets allows the projectiles to perforate at lower velocities. As 
above there is probably a limitation on this, imposed by the inter-relationship between 
projectile diameter, depth, and span/depth ratios.

10.9.2 External events

Scoping calculations on the ways in which earthquakes, extreme winds and aircraft crash 
may affect the design options for fast reactor secondary containment have been completed by the 
Safety and Reliability Directorate, Culcheth. The analysis considered both low and medium pressure 
styles of secondary containment building, w ith and without seismic isolation. The loads were specified 
in the manner typical o f the design process, and the calculations were carried out using simplified 
ABAQUS finite element representations of the structures. A user's guide has been produced for 
the aircrash Monte Carlo code ACCESS, which is a program to  simulate aircraft crashes on civil 
engineering structures.

10.10 Secondary containment studies

Initial experiments have been carried out in the 9 m’ test chamber at W infrith to  study the 
agglomeration rate of sodium fire aerosols. Up to 100 g of sodium were burned and the aerosol was 
sampled using a series o f Andersen Mark II cascade impactors. Sampling commenced when uniform 
burning conditions were established and continued for some time after the fire was extinguished. 
Preliminary results indicate that whilst the fire is burning there is a reduction in the aerodynamic 
mass median diameter (AMMD) of the aerosol. When the fire is extinguished the AMMD rises due 
to agglomeration. Experiments to study the extent and time dependence of this size change will 
be carried out shortly. Additional instrumentation will be incorporated into the test chamber to  monitor 
the atmospheric conditions and to speed up the rate of sampling.



Two further series o f tests have been carried out on the fume scrubber installed at CEGB 
Berkeley Nuclear Laboratories. As a consequence of the results from earlier tests, a new set of imp
ingement plates was fitted  to  the scrubber in an attempt to  improve its efficiency. Initial testing 
was carried out using a sodium chloride aerosol from a salt stick generator, but this proved unsatisfac
tory due to the small size and refractory nature of the particles. The tests were therefore repeated 
using sodium pool fires and produced similar results to those obtained previously. A further series 
of tests will be carried out after modifications to the scrubber water spray system have been made.

11. PLANT PERFORMANCE STU D IES

11.1 Neutronics design data

11.1.1 Reactor physics data libraries

Benchmark testing of the standard European cross-section library JEF-1 issued by the NEA 
in 1985 is continuing, and work has begun to prepare data for its successor JEF-2 whose issue 
is planned for the end of 1987.

11.1.2 Cross-section processing codes

Development of a European cell code ECCO is being carried out at W infrith. A routine for 
calculating collision probabilities in cylindrical geometry has been produced by making some 
improvements to  the routines used in the existing French and German cell codes (which are both 
based on an earlier French routine).

11.1.3 Fission product data

The fission yield libraries C4U and C4A have been replaced by improved libraries UKFYU1 
and UKFYA1. They represent an enhancement of the former by the correction of several errors found 
in the database, the use of better evaluation techniques, the inclusion of yields for more fission pro
ducts, including more light nuclides and the inclusion of 14 MeV data for J3*Th, 235U and !3*U.

11.1.4 HELIOS -  the Harwell electron linear accelerator

Routine operation of the accelerator continued throughout the period of the review apart from 
a shutdown in July for maintenance and testing.

Measurements on iron continue to dominate the experimental programme and preliminary 
results from both capture and transmission measurements have been transmitted to Karlsruhe for 
use in the evaluation being prepared for JEF-2. The analysis of the transmission measurements is 
essentially complete and the detailed document describing the work is being prepared. Significant 
progress has been made in understanding the discrepancies in the capture measurements of the
I.1 5  keV resonance which are being investigated as part of the international collaboration studying 
the problem. It is now clear that the pulse height response of the CtD6 scintillators used for many 
capture measurements (not previously in the UK) is not as predicted for gamma ray energies above 
- 1 .5  MeV.

I I . 2  Experimental reactor physics

Agreement has been reached in the European R&D Steering Committee that a Critical Experi
ment Facility w ill be required for the duration of the European partnership (i.e. at least until the 3rd 
European Fast Reactor has been designed): both MASURCA at Cadarache and ZEBRA at W infrith

are available to the partners. The principal argument for maintaining a critical facility is the need 
to mock up reactor designs fairly exactly before committing construction funds, the designs having 
changed appreciably from today's as cost savings have been pursued. However, even on existing 
designs, savings can be made by reducing uncertainties.

11.3 Methods development

11.3.1 C O SM O S modular code scheme

Considerable effort has been spent examining the need for the CODIP procedures (for safeguar
ding data libraries against corruption). The primary function of CODIP is to enable users to recover 
data in a fully consistent way following a major loss caused for example by a disk crash. Because 
o f the greater reliability of modern computer hardware, it was concluded that the benefits of CODIP 
justified only a modest effort in maintaining it.

The COSMOS information scheme now contains references to all documents and codes in 
the system and a review of keywords in summaries is being carried out in order to  handle queries 
more efficiently.

11.3.2 Common European code scheme

Following specialist meetings on COSMOS (UK), IANUS (Interatom) KAPROS (KfK) and CCRR 
(CEA) those attending submitted assessments of strengths and weaknesses of the respective 
schemes to the hosts who then produced a report summarising the views on their particular scheme. 
The recommendations were presented at a seminar held in Karlsruhe on 10 September 1986, where 
representatives of the nuclear industry approved development of a common European Code Scheme.

11.3.3 Modifications to the FISPIN code

In order to facilitate studies of the use of burnable poisons to enhance fuel reactivity lifetimes, 
the irradiated materials inventory code FISPIN has been modified to calculate Kef( values at the end 
of each burn-up step. This involves separate consideration of the various regions and fuel batches 
w ith in the reactor and combination of data from them.

11.4 Neutronics performance calculations

11.4.1 Increased burn-up

To allow CDFR to  operate on an annual refuelling cycle, tw o  approaches have been followed; 
the first considered variation of control rod configuration and worth enhancements, the second 
investigated reducing reactivity drop over a burn-up step w ith  the use of burnable poisons.

Although minor improvements would be obtained by altering the rod pattern no significant 
increase was found over the current reactivity worth of all rods (5.3% ). Investigations are continu
ing on increasing individual rod worth w ith moderators such as zirconium hydride or involving more 
control either by the addition of rods or incorporating safety rod movement in the burn-up cycle.

As regards burnable poisons, the best choice appears to  be 10B w ith  a capture cross-section 
in the fast reactor case of about 3 barns, which can give a saving in the initial ke(, of nearly 1%. 
The burn-up of the isotope is not sufficiently great, so quite a large proportion remains at the end 
of a cycle. This has to  be compensated by an increase in the initial plutonium enrichment.

It would be possible to increase the effective capture cross-section by mixing the burnable 
poison w ith  a moderating material. An increase by a factor o f 1.5 would give a potential saving



in keff of about 1.7%, while an increase by a factor of 4, the probable maximum, would give a sav
ing of 5%.

11.4.2 Large reactor control rod performance

A study was made of the reasons why UK designs are able to use control rods of natural 
boron, while other European designs require enriched boron. The reasons are two-fold. Designs with 
larger sub-assemblies also have control rods of larger cross-section. The flux depression into the 
control rod is larger, and this effect is accentuated when the boron is enriched.

11.4.3 PFR neutronics performance

The effect of reinstating a single row of blanket around an enlarged high burn-up version of 
the PFR has been calculated. The additional blanket (burn-up 1 %) generates 6% of the reactor power 
but worsens the core form factor very slightly. For the same total power the power of the highest 
rated core sub-assembly is reduced by 5% and the irradiation of the outer reflector reduced by 
10-15%.

11.4.4 Nitride fuel

Mixed uranium-plutonium nitride fuel has a considerably better thermal conductivity and fissile 
isotope density than oxide, and better physics performance can therefore be expected. Preliminary 
calculations using nitride fuel instead of oxide indicate little change in sodium void or Doppler coef
ficients but a halving of reactivity swing over the burn-up cycle.

11.5 Energy deposition and shielding

11.5.1 PFR neutron shielding studies

Neutron shielding measurements in the central thimble using uranium, plutonium and thorium 
fission chambers show reasonable agreement with calculations from the RZ removal diffusion theory 
code SCORM A, though the thorium chamber áhows a systematic underprediction further away from 
the core.

1 1.5.2 Shielding experimental programme

Following the closure of the French experimental facility HARMONIE it has been agreed that 
future European experimental work w ill be carried out in the NESTOR facility at W infrith. The initial 
phases of the programme comprise a benchmark experiment in stainless steel and penetration 
experiments in slab geometry using laminates of differing steels and borated graphite. It is proposed 
to carry out the work during 1987 using the ASPIS facility. Further slab geometry configurations 
using other materials may be carried out at a later date.

11.6 Economic and strategic assessments

11.6.1 Core fuel optimisation

Studies have shown that the single most important factor In reducing fuel cycle costs is the 
reliable attainment o f burn-ups of 20% or more. The uncertainties in the behaviour of fuel and clad 
at high dose and burn-up require to  be resolved through the present irradiation testing programme.

The results of earlier optimisation studies for PE 16 clad core fuel covering a range of fuel 
pin diameters and core lengths at 1 5% maximum burn-up were recalculated using new fabrication 
and reprocessing cost data to provide comparative values of the levelised fuel cycle component 
of generating cost. The new fuel fabrication costs were modified to take account of additional cost 
savings which could be obtained for larger fuel pin diameters by assuming that sub-assembly size 
increased w ith increasing pin diameter to maintain 271 pins per sub-assembly Instead of a constant 
wrapper size. This was found to be sufficient to  move the fuel cycle cost optimum value from the 
intermediate fuel pin diameter to the largest pin diameter in the series. However, for one metre length 
cores, the overall variation in the levelised fuel cycle component of generating costs over the full 
pin diameter range considered was shown to be only about 4%.

11.6.2 Very high burn-up

A number of parametric survey cases have been run using the FRESCO program to produce 
neutronics data for fast reactors w ith maximum core burn-ups covering the range 1 5-40%. Using 
75 years as a practical upper limit on doubling time it is found that this lim it is reached over a burn
up range of 25-29% for 18 months pluronium out-of-pile time with PE16 canned designs. W ith FV448 
as clad and wrapper material, 75 years doubling time can be achieved at a higher burn-up of 34% . 
These figures should be taken as indicative only; the adequacy of the simplifications of the physics 
treatment in the FRESCO code is currently under review.

11.7 Control, dynamics and instrumentation

11.7.1 PFR steam plant modelling

Detailed modelling for the new Operator Training Simulator has concentrated on the feed 
pumps and drum hydraulics, a high pressure feed heater, and a better drum model allowing water 
level to vary along the drum. The turbogenerator and LP direct contact feed system models allow 
full 3-circuit capability in the simulator.

11.7.2 Nucleonic instrumentation

A reassessment has been undertaken of the neutron flux measurement requirements for 
present fast reactor designs and likely future developments. In particular, some theoretical studies 
of the pile-up of gamma ray interactions in ionisation chambers in the fast reactor context have 
begun and it is proposed to carry out experimental work to  confirm the relevant neutron flux satura
tion characteristics of recently developed pulse-Campbell chambers.


