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A REVIEW OF FAST REACTOR ACTIVITIES IN
SWITZERLAND - March 1984

P. WYDLER
Swiss Federal Institute for Reactor Research,
Wiirlingen,
Switzerland

1. Introduction

With the recent startup of the Leibstadt plant nuclear energy in Switzerland

has reached another milestone. When the station has reached its full opera-

ting power of 942 MWe, nuclear energy will contribute nearly 40 % to the

total electricity generation of the country. This success is somewhat over-

shadowed technically by the high construction cost of the Leibstadt plant

(over 5'000 million Swiss Francs), and politically by two pending antinuclear

initiatives expected to be put to the vote in the autumn. Confidence in the

future of nuclear energy is, however, strengthened by such facts as the in-

creasing electricity growth rates (3.4 % in 1983 as against 1.5 1 in the

previous year) caused effectively by an oil substitution process, the high

reliability of the nuclear power stations (reflected by a 87 % average load

factor in 1983) and, not least, a reduced interest of the news media in the

nuclear debate due to a sudden preoccupation of the public with the conse-

quences of air pollution.

As a result of the noncentralized government in Switzerland there is no

clear national policy for the future application of nuclear energy. This is

reflected in the lack of a generally agreed nuclear energy research policy

in the country. Consequently, activities related to several advanced reactor

concepts are funded simultaneously at similar, but relatively low levels.

The total expenditure of 5.9 million Swiss Francs (i-l SFr per capita) for

fast reactor activities in 1983 must be judged in the light of this situ-

ation. The funds have been allocated to an LMFBR safety programme (52 %)

and a fuel development programme (48 % ) .

In the field of LMFBR safety analytical work is performed on hypothetical

core disruptive accidents (HCDAs) and on the integrity of components under

HCDA loadings with emphasis on the dynamic behaviour of the reactor cover.

A considerable effort has recently been devoted to the preparations for the

SONACO natural convection experiment. AnoLher relatively new experimental

activity, involving small-scale vapour explosions with freon and watec, has

produced evidence of interesting physical effects which are not In accord

with the assumptions of current molten fuel-coolant interaction (MFCI) models.

The fuel development programme has continued with the manufacture of sphere-

pac mixed carbide fuel pins for an irradiation experiment in FFTF. However,

the time scale of the experiment has suffered a set-back due to an incident

in a glove box of the production line.

Fig. 1 illustrates the allocation of manpower to these tasks. Also indicated

is an attachment of an EIR staff member to CEA-DERS at Cadarache, where he is

involved in the prediction and analysis of the SCARABEE-APL in-pile tests.
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In the past year it has been possible to strengthen the ties with research

groups and organizations in other countries. The HCDA work utilizes computer

codes developed by KfK and has received considerable support from KfK

specialists. The codes SEURBNUK-2 and SEURBNUK/EURDYN, used together

with other codes to assess the consequences of HCDAs, will be developed

further under a tripartite agreement between EIR, Euratom and the UKAEA.

A programme for validating and comparing hydrodynamics/structure mechanics

computer codes for the pool geometry has been agreed formally with CEA-

DRNR at Cadarache, and a parallel agreement with CEA-STT at Grenoble

covers a mutual collaboration for the natural convection studies. An

informal information exchange on the latter studies exists also between

EIR and a team at NPDE Dounreay which helped to give the experiment its

initial momentum.

The fuel development programme has had for many years agreements with

the UKAEA for studying gel technology and for irradiation tests in DIDO

and DFR and with SCK/CF.N Mol and KfK for tests in BR-2, including also

post-irradiation examinations in the EIR hot cells. The activities in

connection with the FFTF experiment are covered by an agreement with

the US-DOE.

2. LMFBR Safety

2.1 Analysis of Hypothetical Core Disruptive Accidents

The CAPRI code from KfK is being used to analyze the initiation phase

of an unprotected LOF accident for the homogeneous core of SNR-1300.

In this context an examination was made of the consequences of the assump-

tion in the code that once the sodium in a channel has started to boil,

the channel will not be subjected to an MFCI event. Two cases were compared,

a normal CAPRI case and a case in which boiling in potential MFCI channels

(channels in which after beginning of boiling a MFCI criterion was reached)

was suppressed. The differences between the cases were shown to bo small

but not negligible, the modified case proceeding to a disassembly phase

somewhat more rapidly (1.8 rather than 2.5 s after beginning of boiling)

and also in other respects being more conservative than the standard

case.

2.2 Molten Fuel-Coolant Interaction Studies

The studies of vapour explosions in connection with the MFCI probLem

appear to be leading to the suggestion that there might be an alternative

explanation for the high pressure usually associated with an MFCI. For

over two decades it has generally been assumed that such interactions

are characterized by higher than critical pressures produced on a tens

of microsecond time scale and that these pressures originate from rapid

fragmentation and heat transfer between the liquid phases within the

interaction region. Vapour production in current MFCI models, including

both those explaining the mechanisms (Board-Hall detonation model) and

those predicting the consequences of an interaction in safety assessment

analysis, is assumed to cut off heat transfer.

The work at EIR, although on a small scale and restricted to the Freon 22-

water interaction, indicates that within the interaction region Itself

only modest pressures and rise times are produced although high fluid

velocities .can arise. It is suggested that it is the stopping of these

fluid velocities at relatively incompressible boundaries that gives rise

to the supercritical pressures and short rise times. "Hammer" type pressures

of over 10 MPa (i.e. pressures exceeding twice the critical pressure

of 5 MPa in Freon 22) can readily be produced in the EIR experiment but

it is believed that these are not associated with the mechanisms taking

place within the interaction region where propagating pressures are about

0.7 MPa.



Evidence to support the proposed mechanism has been obtained from pressure

waves, passing down a tube containing bubbly or two-phase mixtures, meeting

an incompressible boundary near the bottom. Very high pressure amplification

at the boundary has been demonstrated which in some cases aforoaches the

theoretical limit of about 60, predicted by a simple analysis for water.

It is possible that the near and above critical pressures reported

previously by other authors with other materials could also be explained

by this mechanism.

In the freon-water experiment although condensation of the vapour near

the boundary is required to give the observed pressure spike, when the

reflected wave passes through the interaction region the pressure is

much reduced and has a propagation velocity associated with a two phase

mixture. This indicates that over most of the interaction region vapour

is present. It can therefore be assumed that it is the presence of vapour

and vapour production which cause fragmentation, heat transfer and further

two-phase pressurization. This point of view has been expressed before

but has not been generally accepted because of the need to explain super

critical pressures. With the suggested alternative explanations MFCI

models requiring vapour production seem to bt .aore acceptable.

2.3 Hydrodynamics/Structure Mechanics Studies

Efforts have been continued to set up a calculational scheme for analyzing

HCDA induced fluid-structure interaction effects in the primary circuit of a

pool-type LMFBR. At present, the computational tools include the axisymmetric

containment codes SEURBNUK-2 and SEURBNUK/EURDYN, supplemented by the 3-D

general purpose structural mechanics code ADINA. The codes are being used in

a study of the dynamic behaviour of reactor roof structures with various de-

grees of stiffness. Possible future studies could include the behaviour of

primary circuit components such as decay heat removal coils, or fluid-struc-

ture effects due to the sodium-water reaction in steam generators. In support

of the applications work code development and validation activities are

underway.

The code development work related to the SEURBNUK code family is performed

in the framework of a tripartite agreement between EIR, Euratom and the UKAEA,

signed in November 1983. In the context of code development an improved treat-

ment of the contact of sodium with the reactor roof under oblitjue slug impact

conditions is worth mentioning. An improved model which explicitly recognizes

partial impact within a computational cell has enabled numerical spikes in

the roof histories to be reduced considerably in amplitude without affecting

the resolution of the physical spikes, i.e. those resulting from actual wave

interactions.

The most recent version of the coupled code SEURBNUK/EURDYN ha« been veri-

fied f' " the MARA-1 and APRICOT-6 geometries (The coupled code allows thick

structures to be represented in the finite element formulation of EURDYN).

Comparisons with the finite difference code SEURBNUK showed only negligible

differences in the pressure and strain histories, and these an; well under-

stood. Further validation work is carried out under an EIR-CEA agreement,

which provides access to results from selected MARA experiments performed at

CEN Cadarache. Currently, efforts concentrate on a SEURBNUK/EUKDYN calcula-

tion for MARA-4. In contrast to MARA-1, which was a simple bar» tank arrange-

ment, MARA-4 models some of the internal reactor components, the finite ele-

ment capability being needed to represent the core support. At a following

stage, detailed calculations will be made for MARA-8, a test configuration

which includes the effects of a deforming roof. In fact, a precalculation for

MARA-8 has already been performed with the aim of testing the flexible roof

option in SEURBNUK-2. This calculation proved to be particularly interesting,

since it predicted a double impact, as was later confirmed by the experiment.

Applications work has continued on the analysis of the dynamic behaviour of

three-dimensional reactor roof structures and possible fluid-structure inter-

action effects under slug impact conditions. The study relies on an equiva-

lence model (i.e. a substitute 2-D model with material properties chosen to

match the response of the 3-D model) which allows the axisymmetric SEURBNUK/

EURDYN code to be interfaced with the three-dimensional ADINA code in an



iterative scheine. Such an equivalence model has been used successfully in a

simple linear elastic case. An extension of the technique to non-linear ma-

terial properties is presently being investigated.

Fig. 2 illustrates the geometry of

the roof model used so far. The model

assumes a box-type construction of

steel plates with concrete infill.

Provision is made for a support skirt

and a circular penetration for inter-

mediate heat exchangers and pumps.

The roof annulus is assumed to be

closed in the central section by a

rigid plug. The shaded areas indicate

plastically deformed steel elements

as calculated for a case without

fluid-structure interaction and

corresponding to an HCDA incident

with 0.55 GJ mechanical energy po-

tential.

Model of a Sector of a

Reactor Cover

The first phase of the test programme, which will run over a period of about

two years, is characterized by a moderate sodium temperature not exceeding

400 C. In a following second phase it is planned to take the bundle into

a regime of local sodium boiling. This will, however, require extensive

modifications to the existing equipment.

The first phase of SONACO can be subdivided according to the cooling confi-

guration: In the radial configuration cooling of the bundle will be by heat

transfer to cooler sodium in an annulus surrounding the hexagonal wrapper

of the bundle, and in the axial configuration cooling wilL be from a heat

exchanger immersed in the plenum above the bundle. Since the latter is

a rather novel type of experiment, measurements will start with the radial

cooling configuration. This has the advantage that the first SONACO tests

can be compared with the similar French FETUNA experiment.

The radial SONACO measurements will occupy the whole of 1984. Compared to

the FETÜNA experiment which utilized a wire-wrapped bundle, these measure-

ments will not only extend the range of thermohydraulic parameters but also

provide information on the influence of spacer grids on the circulation

loops induced in the bundle. An overview of the tests with radial cooling

is given in Table I. It may be noticed that the programme includes tests

with radial power dependence and power tilts (A2, A3) as well as transient

tests, in which the heating rate or the coolir.y temperature is time dependent

(A5).

2.4 Natural Convection Studies

The SONACO natural convection experiment has already been described in the

previous progress report. The experiment aims to study natural and mixed

convection effects in a 37-rod sodium-cooled bundle and is being undertaken

jointly by EIR and the Institute of Reactor Technology of the Federal Insti-

tute of Technology at Zürich. The test section is now completed and commissio-

ning and calibration tests are about to begin.



Table I : SONACO Tests with Radial Cooling 3. Carbide Fuel

Test
Number

Al

A2

A3

A4

A5

Cooling
Mode

annulus

annulus

annulus

annulus
(mixed
convection)

annulus

Power
Level

2 kW - 10 kW
2 kW steps

10 kW

10 kW

10 kW

variable
to 10 kW

Thermal
Stability

steady
state

steady
state

steady
state

steady
state

transient

Transverse
Power
Profile

uniform

radially
non-uniform

power tilt
max. 4:1

uniform

uniform

Bulk
Temperature

200 °C to
400 °C

^ 300 °C

>: 300 °C

S* 300 °C

variable
to 400 °C

Precalculations for the SONACO tests have been performed at CEN Grenoble

using the BACCHUS-T"porous medium" code and at NPDE Dounreay using a similar

British code. Between EIR and the CEA experimental data and computer codes

will be exchanged under a mutual agreement covering SONACO Phase I. An informal

information exchange exists with the UKAEA. In a joint EIR/CEA development

a spacer grid model was incorporated into the BACCHUS code.

The temperature and velocity profile predictions provided guirt̂ . •.•:• . ̂ or r .king

final adjustments to the instrumentation of the experiment. This now comprises

147 thermocouples and 13 velocity probes within the test section (A velocity

probe embedded within a rod near the bundle exit can be seen in the photograph

on page 12). Another 13 flowmeters and thermocouples are located in the associa-

ted pipework and will allow a detailed heat balance for the bundle to be

derived.

(R.W. Stratton)

3.1 Fuel Development and Production

Fuel fabrication for the FFTF sphere-pac carbide experiment started early

in 1983 and fuel for five pins was produced. Most of the analysen were comple-

ted satisfactorily. Production of fuel for the remaining 25 pins was procee-

ding when in May an incident in a waste conditioning box led to extensive

contamination of the fuels lab. The clean down of this lab and the deconta-

mination of equipment and/or replacement lasted well into early 1984 and

stopped all further fuel production and development for that period.

3.2 Sphere-Pac Fuel Fin Fabrication

Due to lack of fuel resulting from the above incident no pin fabrication

could get under way in 1S83. All clad tubes were prepared and pre-loaded

with upper components. Qualification of weld procedures took longer than

expected. All equipment and procedures are in place awaiting release of the

first batch of fuel.

Approval in principle and design review acceptance has been obtained for

the sphere-pac pins and the experiment, and work is going on to prepare the

extensive documentation needed for the FFTF reactor operator.

3.3 Irradiation Testing and Modelling

The modelling work has been devoted to preparing the SPECKLE-IIt code developed

by EIR and Oregon State University for calculating the safety analyses needed

for acceptance of the FFTF experiments. After some modification the code

is giving reliable values when compared to the experimental results from

EIR's irradiation testing of sphere-pac carbides. In particular, the code

can reliably fix the extent of the sintered central area for a wide variety



IQ of experimental conditions (rating, burnup, etc.) and give reasonable esti-

mates of gas release and diametral strain.

A REVIEW OF FAST REACTOR PROGRAM IN JAPAN
April 1984

The irradiation of the Mol-11 sphere-pac carbide fuel pin carried out for

EIR in the framework of the KfK carbide programme was completed satisfacto-

rily in 1983. Post irradiation examination at EIR is expected to start late

in 1984.

Y. MATSUNO
Power Reactor and Nuclear Fuel Development Corporation,
Higashi, Ibaraki-ken, Japan

velocity
probe

spacer
grid

1. Introduction

The fast breeder reactor development project in PNC has been in progress steadily
in these eighteen years. Concerning the experimental fast reactor, 3OYO, the MK-11
core attained criticality on November 22, 1982 with 51 fuel assemblies, and received the
"Certificate of Inspection before Operation" from Government Authority on March 31,
1983, after 100 hours operation with the rated output of 100 MW. Since then, the core
has been utilized to implement irradiation bed characteristics test, and to irradiate fuels
and structural materials especially for the prototype reactor MONJU.

With respect to the prototype reactor MONJU, the installation permit was issued
on May 27, 1983, from the prime minister, and the contracts of the first stage between
PNC and fabricators were made recently. At the same time, almost all the licenses of
preparatory construction works were issued by March 1983, and preparatory construction
works were started in April 1983.

On the other hand, conceptual design of a demonstration reactor is now under way
in a close cooperation with concerned authorities and utilities, as well as investigations
of the way of conducting necessary research and development.

2. Experimental Fast Reactor "JOYO"

2.1 General Status

Upper End of SOHACO Test Bundle

This report covers the activity of the experimental fast reactor in the period
from 1983.4 through 1984.3. After completion of the power ascension testing on the
Mark-II core the reactor has been operated at low power level for four months to
perform characteristic tests as an irradiation bed. From August the normal cycle
operation was started at the power level 100 MWt. In the case of "JOYO" one operating
cycle consists of 45 operating days and 15 refueling days. Legal annual inspection was
started from the beginning of December, which continues until middle of April 1984
For reference main items of Mark-I and II cores are shown in Tab. 2-1.



2.2 Test, Operation and Maintenance Experiences

2.2.1 Tests

Test items for core characterization are as follows:

o Criticality

o reactivity characteristics
control rod calibration, core excess reactivity, scram margin, temperature,
power and burn-up reactivity coefficients, fuel subassembly reactivity worth

o thermo-hydraulics
core flow distribution, subassembly outlet temperature

o core stability *-

step disturbance test, reactor noise, pseudo random binary disturbance test

Test items for plant characterization are as follows:

o thermo-hydraulic
reactor thermal power calibration, heat teransfor characterization,

o Plant stability
step temperature and reactivity disturbance test, pseudo binary disturbance
test

o Plant characterization and monitoring
decay heat removal, core and loop pressure drop, piping distorsion
measurement, primary sodium sampling analysis, argon cover gas sampling
analysis, rad-waste gas monitoring, radiation dose distribution, fuel failure
monitoring and rotating component vibration monitoring.

Some of main results of testings are given in Tab.2-2,2-3 and Fig.2-1 and 2-
2.

2.2.2 Operation

The Mark-H core consists of 64 driver fuel subassemblies and 3 irradiation test
rigs. At the fuil power operation the reactor outlet temperature reached 500°C with
370°C at the inlet. The highest sodium temperature at the fuel subassembly outlet was
554°C which agrees well with the prediction based on measured flow rate. It was also
confirmed that all four dump heat exchangers could remove the heat with an air flow
margin of 20%.
Operating history of "JOYO" is shown in Fig.2-3 and the irradiation program is shown in
Fig.2-4.

2.2.3 Maintenance

Sodium Vapor Deposition on the Rotating Plug

A jack down failure of the rotating plug occurred during refueling on January 11,
1982, for the first time. At this time, the large rotating plug became incapable of
completing the jack-down movement, remaining stack 13mm short of a full vertical
stroke of 20mm. After repeated plug rotation and jack down operations, the plug settled
in the bottom position.

Investigation revealed that presumably, some material found its way onto the
rubbing part of the rotating plug's metal ground surface, thereby resulting in strange
noise and movement while jack-down operations were being made. Judging from its
behavior, it was believed that the interfering matter was soft sodium, and the adhesion
spots were the socket and spigot section with the smallest gap, exposed to a gaseous
atmosphere in the reactor vessel. To confirm this belief an observation of this section
by insertion of a fiber scope into the inspection hole was made, and sodium deposition
was observed.

On October 25, 1982, an observation of the socket and spigot section was carried
out. Observation was done with a T.V. camera connected to a fiber scope inserted into
the inspection hole. The large rotating plug was rotated, and the full circle observation
was completed. As the result of this observation, a large amount of sodium deposition
was discovered. Sodium deposition in greater proportions was witnessed within the 0 to
90 degree range. Smaller sodium deposition has been observed in the 180 degree
direction, most of which has resulted in rolled form after having been scraped off by the
plug rotation.

It is believed that the sodium deposition is created by natural convection of the
cover gas generated in the reactor vessel, as observed in numerous tests, and that the
ascending current of the argon cover gas containing sodium mist takes place from an
area in the 0 degree direction in this natural convection. The mist gradually deposits on
the socket section of the rotating plug. Presumably, the cover gas with a much
decreased mist flows along the socket section in the ISO degree direction, changing into
a descending current.

The temperature distribution was also investigated, on the outside of the large
rotating plug. The result indicates higher temperatures on the 0 decree side and lower
on the 210 degree side, giving rise to a temperature difference of 60 °C. at the thermal
shielding plates that are attached to the lower side of the plug body in the case of 50
MWt reactor output. The difference is 66 °C at a reactor output of 75MWt, and 76 °C in
the case of lOOMWt. Thus the increased output raises temperature differences in the
peripheral directions. Therefore, if the scale of natural convection is proportional to the
temperatures and temperature differences of the peripheral direction, sodium deposition
is considered to increase in accordance with the increased output of JOYO at 100 MWt.

To cope with this, plans are to enlarge the inspection hole at which observations
were performed, from 15 mm to 40 mm diameter. At the same time, new devices are
being developed to scrape off deposited sodium as an effective means of sodium removal.
The deposion place is shown in Fig.2-5.



12 Overhaul of the Primary Main Pump

The overhaul and inspection of the primary main pump contaminated with
activated sodium and corrosion products was successfully conducted after reactor
operation of 13,000 hours.

The pump inner casing was removed using the pump maintenance cask in order to
prevent the leakage of radiation and primary argen cover gas. After removal, the pump
was sodium cleaned and decontaminated. In the steam and water cleaning method,
activated sodium adhering to the surface of the pump inner casing was completely
removed although some sodium remained in the bolt holes. The decontamination of
corrosion products was mainly accomplished by the brushing and wiping method. Through
the decontamination, 89 % of 60co and 27 % of 5ifMn were removed, and this difference
is considered to be that the decontamination work by these methods was not effective
for ^Mn since it diffused into the steel. The radiation level of the pump inner casing
surface was reduced from 600 mR/h to 50 mR/h.

In addition to the inspection work, baffle plates were attached to the inner
casing of the pump. The function of the baffle plates was to prevent the pump cover gas
from circulating in the annulus between the pump inner and outer casing. The pump
characteristic tests demonstrated the effect of the natural convection barrier, and
resulted in the circumferential temperature difference of the pump inner casing
decreasing from the range of 20 to 50 °C into the range of 0 to * °C.

The experience of this overhaul and inspection demonstrated the ability to
handle large scale equipment contaminated with activated sodium and corrosion
products, and established a criterion for maintenance of the pump.

Corrosion Product Deposition on the Primary Cooling System Piping and Components

: The 3OYO Mark-I core operation was completed at the end of 1981 without any
fuel failures, and the accumulated thermal power and the maximum fuel burn-up were
about 28000 MWD and 40100 MWD/T, respectively. 3OYO has not been contaminated by
fission products. The dose rate of the primary piping ceil areas, however, gradually
increased due to the deposition and build-up of corrosion products inside the primary
cooling system piping and components with continued operation. Although the primary
coolant sodium is drained to the dump tanks during the annual inspection and
maintenance period, deposited corrosion products remain on the inside of the primary
cooling system piping and components.

Radiation measurements (radiation dose rate and activity measurements) have
been conducted to define the behavior and distribution of corrosion products in 3OYO
plant since 1978. These measurements are performed during the annual inspection and
maintenance period with the coolant drained. The measurements of radiation dose rate
are taken at about 100 locations (about 800 points) of the surface on the primary cooling
system piping and components using a portable G-M tube type surveymeter and Thermo-
Luminesence Detectors ( TLD). The measurement of corrosion product activity is
performed at 16 piping locations (A-loop 13 locations, B-loop 3 locations) using a
Germanium Solid State Detector ( Ge-SSD).

Along with these measurements, a corrosion product behavior analysis code has
been developed and verified with the measured radiation data, in order to analyze the

distribution of corrosion product in the primary cooling system. Further, to estimate the
radiation exposure of maintenance personal, a three dimensional analysis code for the
primary piping cell radiation distribution has been also developed.

Summary of results are as follows;

(1) The radiation source of the primary cells is deposited corrosion product, and
the main nuclidss are ^Mn and &0co.

(2) Deposited corrosion products are built-up with the reactor operation time,
and the activity is increasing together with the accumulated thermal power
(Fig.2-7).

(3) The calculations by the analysis code agreed well with the measurements of
corrosion products which deposited on the piping in the order of 10-2 ci/cm
2 for 5tMn and 10-1 Ci/cmZ for 60Co.

CO After 18-year operation, radiation dose rate at the primary cold leg piping is
estimated about 100 mR/h by the analysis code ( Fig.2-8 ).

2.3 Future Plans

Establishment of Preventive Maintenance Techniques

To evaluate the operating and maintenance experience of 3OYO, data on
incidents and troubles occurring at 3OYO have been collected from the first critical
operation. The total numbers of incidents recorded but not resulted in unexpected
reactor shutdown during the period from April 1977 to March 1982 is shown below.

TOTAL NUMBER OF INCIDENTS AT 3OYO

Fiscal year

1977
1978
1979
1380
1981

April
April
April
April
April

Period

1977
1978
1979
1980
1981

March 1978
March 1979
March 1980
March 1981
March 1982

Number of incidents'')

357
312
251
229
245

Figure 2-9 shows the comparison of incident frequencies in
those five years for several system of the plant.

(1) excluding the fuel handling systems

For those five years, the service building air-conditioning system had the highest
frequency of incidents, accounting for 14 % of the total. The most frequent incidents
for those five years were caused by process instruments. They accounted for about 30
% of the total during the period from FY 1977 to FY 1979, and the percentage decreased
to about 15 % during the period from FY 1980 to FY 1981. However, the incident
frequencies of recorders, which have the majority of process instrument incidents, did



not change much. According to a more detailed analysis, it appears that
human involvement incidents are gradually increasing over the five years.

stronger Tab. 2 -1 Main Core P a r a m e t e r s of "JOYO"

These data are analyzed in more detail to
data base for PRA (Probabilistic Risk Assessment).

establish the component reliability

To do a more detailed analysis efficiently on the plant operation and
maintenance, a computer-aided preventive maintenance system is under development
at JOYO.

This consists of the following three subsystems.

(1) Data banking subsystem
Collecting and maintaining system components' engineering data, operation
history and maintenance history, this subsystem edits the components'
maintenance history, and analyses components' failures and evaluates
components' reliabilities.

(2) Predictive maintenance subsystem
Dealing with noise signals, acoustics and vibrations computationally , this
subsystem picks up some statistical characteristics and can detect a
component anomaly by the change of such characteristics. Also, the system
can detect a component anomaly by referring to the dynamic model of the
object component. Furthermore it can diagnose an anomaly by means of the
EXPERT SYSTEM based on knowledge engineering.

(3) Maintenance control subsystem
By computerizing maintenance schedules and maintenance standards, this
system can provide the information service needed for routine maintenance
work, for example, printing the data when each maintenance work should
begin, listing the components which need inspections or repares and so on.

When a component anomaly is discovered in the plant, the operator and
maintenance engineer would infer or determine the cause, the effect and the counter-
measure according to their knowledge and gained experience of the plant. Therefore,
building the knowledge base of an "Expert" in to the system and inputting anomaly
findings off-line and process signals on-line to the knowledge base, the "Expert system",
which gives the cause, the effect and the countermeasure of component failure using
"Expert knowledge" is defined into the preventive maintenance system.

As a first step to building the knowledge base, the maintenance experience
gained so far is being collected on failure data sheets, which show the flow from the
birth of the anomaly to the countermeasure.

Reactor Output MWt

Primary Coolant Flow Rate t/h

Reactor inlet Temperature °C

Reactor Outlet Temperature °C

Core Stack Length cm

Core Volume (max.) 8

Linear Heat Rate (max.) W/cm

Fuel Pin Diameter mm

Puo2/(PuO2 + UO2) W/O

U235 Enrichment W/O

Neutron Flux (max.) n/cm2sec

Neutron Flux (Core av.) n/cmasec

Max. Excess Reactivity % JK/K

Control Rod Worth % JK/K

Max. Burn Up(pin av.) MWD/t

Operation Cycle

MK-j

First

50

2,200

370

435

60

294

210

6.3

18

23

2.1xlO15

1.2x101-5

- 4.5

Safety Rod
-5.6

Regulating
Rod ~ 2.8
25,000

4 5 days
Operation
15 days
Outage

[

Second

75

2,200

370

470

60

304

320

6.3

18

23

3.0x1015

1.9x1015

- 4.5

Safety Rod
- 5.6

Requlatinq
Rod- 2.8

42,000

MK-II

100

2,200

370

500

55

250

400

5.5

30

12

5.1x10*5

2.6xlO15

- 5.5

- 9

50,000

13



14 Tab. 2-2 Control Rod Worth (MK-II)

#1 (3 A3)

#2 (3B3)

#3 (3C3)

#4 (3D3)

#5 (3E3)

#6 (3F3)

Experiment (%JK/KK')

Measured

2.27

2.28

2.43

2.44

2.45

2.32

Correction*

0.957

0.957

0.900

0.900

0.900

0.957

Corrected

2.18

2.19

2.19

2.19

2.20

2.22

Calc.
(%JK/KK')

2.33

2.31

2.33

2.34

2.36

2.36

C/E

1.07

1.05

1.06

1.07

1.07

1.06

* Shadowing Effect Correction

- 8 . 0

- - 7 . 0
n
O

X

= -6.0
o
ü
(D

o -
Q.

O-Mar. 9.10(4-90MWt)
A—Mar. 13 (100—30MV/I)
+...Mar. 15 (30—100MWI)
O—Evaluated (wilh Bowing)

Measured

10 20 30 40 50 60 70 80 90 100

Reactor Power (MW)

Fig. 2-i Comparison Between Measured and Evaluated
Power Coefficient

Tab. 2-3 Comparison of the Measured Temperatures with the
Calculated Temperatures on 100MW Power Ascension Test

Orilice

Zone

Core 0,1

2

3

4

5

Inner 1

2

Number

of S/A

4

12

12

24

12

18

30

Mean Temperature (*C)

Measured

551.8

537.3

546.7

529.3

536.7

486.4

478.8

Meas.<dT:f3~

181.8

167.3

176.7

159.3

166.7

116.4

108.8

Cal.JTsij)

176.9

170.9

168.6

153.5

147.8

84.6

61.0

'X — h

4.9

-3.6

8.1

5.8

18.9

31.8

47.8

a ~ 5 vinn
0

2.8

-2.1

4.8

3.8

12.8

37.6

78.4

Memo

£ 3.20

I" 3.10

CC

u 3.00
x
ai

2.90

O 25O'C~17O*C
A 170*C-250-C

Design Value : -3.9X10o%Jk/k/-

160 170 180 190 200 210 220 230 240 250 260

Fig. 2-2

Coolant Temperature

Isothermal Temperature Coefficient

CC)
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Fig. 2-4 I r r a d i a t i o n Test Programs in Joyo MK-II (Phase 1)
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18 3. Prototype Fast Breeder Reactor "MONJU"
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3.1 Summary

A site located in the Tsuruga Peninsula in Fukui Prefecture, approximately WO
km west of Tokyo, where several LWRs are in operation, has been decided for
constructing "MONJU". Based on survey work in various aspects such as geological,
marine, and meteorological aspects, suitability for "MONJU" site has been studied. And
the application for licensing was filed to the regulatory body on December 10, 1980, then
MON3U was subjected to the safety evaluation work by the Science and Technology
Agency of the Japanese government until December 1981.

The safety evaluation work for "MONJU" by the Nuclear Safety Commission of
Japan was completed in April 1983. Based on these examinations, the permission of the
Prime Minister for the reactor rstablishment was issued in May 1983. Since then, the
civil work at the site has been intensively conducted by PNC. The components
manufacturing contract between PNC and the manufacturers was signed in January 198«*.

As a co-ordinator in software of "MONJU" construction v/ork among
2 0 manufacturers, Fast Breeder Reactor Engineering Co., Ltd. (FBEC) was established on

April, 1980.

And, a special department has been set up in the Japan Atomic Power company
(JAPC) to co-operate with the PNC for MONJU construction work at the same time.
JAPC will act on behalf of the nine Japanese electric utilities and the Electric Power
Development Corporation (EPDC).

Demonstration Fast Breeder Reactor DFBR

Introduction

Design studies of DFBR have been carried out by the Power Reactor and Nuclear
Fuel Development Corporation (PNC) and the private utilities in parallel with develop-
ment of the experimental and prototype reactors. PNC is focusing mainly on identifica-
tion of R&D programme in accordance with the role of PNC indicated in "the Long Term
Programme of Development and Use of Nuclear Energy" issued by the Japan Atomic
Energy Commission in 1982. The utilities, from their own standpoints are focusing
mainly on proper incorporation of users' needs into the design; such needs as achievement
of reliability and availability goals and improvement ot operability and niaintainability.

The studies have been promoted under close cooperation of PNC and the utilities
including activity to determine the R&D programme and to develop technical bases
needed for selection of specifications of the basic DFBR design to bo planned in near
future.

Some of key specifications on the loop type reactor examined and extracted by
PNC and the utilities so far are shown in Figure <f.l. The key specifications such as
reactor-type (loop vs. pool), the number of loops and reactor outlet temperature will be
selected in accordance with national needs for the DFBR.
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Reactor tyoe
PMC

Loop-type J/"""1Utilities Pool type
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\

y>
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Figure k.\ Main trade-off study on loop-type plant

<t.2 Design Study of DFBR

The util it ies have carried out the conceptual design studies under cooperation of
all of the private ten electric power companies since 1978. The study consists of three
phases. Regarding the study of the loop-type reactor, key concepts of the design were
selected in the phase I and the design was reviewed mainly from the standpoint of
operation and maintenance in the phase I I . Design specifications are to bo established on
the basis of the further design of the total system and components in the phase III from
FY 1981 through 1983. Regarding the study of the pool-type reactor, a preliminary
concept definition was carried out studying the design of precursor plant', in the phase I
and it was reviewed rnainly from the stand-point of seismic characteristics in the phase
II. The key subsystems of the pool-type reactor have been designed in the phase III in
parallel with model tests studied by the Central Research Institute of Electric Power
Industries (CR1EPI).

At the end stage of phase III a preliminary design aiming the co-,t reduction has
been made. It is scheduled to carry out the cost down design for three years.

PNC has continued the design study concentrated in the method of init ial cost
reduction,maintaining safety in these years.

Many potential methods has been comparatively studied such as follows:

Reduction of control rods and radial blanket rows, linear heat rate increase
with large diameter fuel pins and elimination of handling of the outer row of
shielding assembly by fuel handling machine which could make core compact
resulting in diameter decrease of reactor vessel and outer shielding concrete
of approximately five percent.

Introduction of piping bellows joint into main heat transport system, direct
reactor auxiliary cooling system and immersion type cold trap which could
make the heat transport system compact resulting in dimension decrease of
the reactor and auxiliary buildings of approximately twenty percent.

New-type reactor shut down system and direct reactor auxiliary cooling
system which could bring more diversity in reactor safety engineering
system.

Other examples are thermal isolation for reactor vessel wall, in-water
storage of spent fuel assemblies, reduction of seismic floor response,
inclined chute type fuel charge and discharge system and so on.

Further, a design study including broard parametric study, conceptual trade-
off study and optimization study wil l be continued.

The core arrangement, reactor structure sectional view and heat transport
system arrangement are shown in Figure ft.2, 4.3 and 't.'t, respectively.
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SHIELDING

BLANKET

KM}
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INNER CORE

CORE FUEL

RADIAL
BLANKET-FUEL

CONTROL ROD

NUMBER OF ASSEMBLIES

INNER FUEL 174 i (TOTAL)

OUTER FUEL 162(336

150

PRIMARY CONTROL ROD 18 I (TOTAL)
BACK-UP CONTROL 7 / 25

(NOTE : CORE FUEL ASSEMBLY WITH 271 FUEL ELEMENTS)

Figure f.2 Core Arrangement Figure 4.3 Sectional View of reactor structure



5. Physics

5.1 JUPITER Phase II Program

The DOE/PNC Joint Physics Large Heterogeneous Core Critical Experiments
Program, called JUPITER Phase II Program, started as ZPPR-13 experiments on May,
1982, using the ZPPR facility of Argonne National Laboratory.

The whole experiments of more than 20 months will be completed by March,
198^. The analysis of experiments is under way in Japan, using the 3ENDL-2 library.
The first assembly of the JUPITER-H Program, ZPPR-13A, has almo'.t been analyzed.
The analytical results are to be compared with the U.S. results at the U.S./Japan
JUPITER Analysis Meeting, which will be held on September 1984, at ANL-W.

5.2 Experiments at FCA

According to the modification of the Fast Experimental Reactor "JOYO" to MK-
II, a series of mockup experiments were carried out on FCA Assembly X from April 1982
to February 1983. The major modifications considered on the mockup experiments were:
(1) increase of plutonium content in* fuel material and (2) replacement of the uranium
blanket by the stainless-steel reflector.

Experimental studies on fundamental physics aspects of conventional large fast
reactor cores were done on FCA Assembly XI. The first version of the assembly
(Assembly XI-1) went critical at the end of February 19S3. The assembly has a central
test region of 60cm x 90cm height simulating the core composition of a homogeneous
fast reactor and a driver region mainly fuelled with 2 " U .

5.3 Burnup Analysis of JOYO MK-I Core

The burnup characteristics of JOYO MK-I core were calculated based on the
actual operational data of the reactor, and were compared with the post-irradiation
data. In case of a low burnup of 20,000 MWD/T, the C/E values are summarized as
follows.

Effective multiplication factor : 0.993
Control rod worth : 1.02*
Burnup reactivity loss : 0.96 ~ 1.02
Burnup : 0.93 ~ 0.98

Figure *.* Heat Transport System Arrangement
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the lumped
JFS-3-J2 set.

Group Constant Set JFS-3-J2

The group constants for ' s ' T a , 151EUJ 153EU, 237Np, many fission products and
ped nuclides of 2 3 5U, 23&U and 2^9Pu were generated to be accommodated in the



22 5.5 Development of Calculational Method 5.10 Shielding Analyses of "3OYO"

An effective homogenization method of control rods, which preserves the
integrated reaction rates in a heterogeneous channel by iteratively changing the cross
sections used in a homogeneous super-cell calculation, has been extended to treat off-
center control rod channels in FBR. An albedo at the super-cell surface was combined
with collision probabilities to treat the neutron leakage. The method has been applied to
the central rod worth calculation in a typical demonstration LMFBR, and to the 1-D off-
center rod worth calculation.

After the first criticality of "JOYO" with the MK-II core, several shielding
measurements were performed to obtain the shielding characteristics data of the plant.
The measured data are now being analyzed especially for the effects of the fueJ
assemblies in the in-vessel storage tank.

Radiation streaming through the gas-plenum of the fuel pins have been calculat-
ed by the albedo-Monte Carlo code MORSE-ALB, and the neutron flux at the upper core
structure was investigated.

5.6 Reactivity Analysis of Pin and Plate Cores

The reactivities of plate and pin ZEBRA-CADENZA cores were analyzed at
Osaka University and JAERI, and the results were presented at the NEACRP specialist
meeting held on 21-23 3une, 1983 at Winfrith.

5.7 Effect of Cell Model on Heterogeneous Core Parameter Calculation

Effect of cell model on predicting the nuclear characteristics of a heterogeneous
critical assembly has been investigated by analysing the physics experiments made at
ZPPR-7A. The principal effects of cell model for ZPPR-7A are Q,'J3% J k/kk1 for
criticality, 5% for 23°U (n,f) reaction rate distribution and 15% for Na-void reactivity
effect.

5.8 Double Heterogeneity Effect of Fuel Pin and Subassembly in a Fast Power
Reactor5 '

The double heterogeneity effect due to the fuel pin and the subassembly is
estimated for neutronics parameters of a prototype fast power reactor. The effect is
found to be 0.5%J k for keff, the positive sodium-void worth is reduced by 26%, and the
negative Doppler reactivity increases by 7% for a prototype fast breeder reactor.

5.9 Analysis of Heterogeneity Effect in FCA-VI-2 by Monte Carlo Code VIM

The analysis of heterogeneity effect for pin and plate cell in FCA-VI-2 was
performed by using the VIM code. The results calculated with VIM were in a good
agreement with those calculated with the SRAC and/or SLAROM code based on the
collision probability method.

5.11 Shielding Analyses of FFTF

FFTF/JOYO Shielding Data Exchange Meeting was held in Tokyo on May 12, 13,
1983, between US DOE and PNC. Following the meeting, we are now analyzing the
shielding characteristics of FFTF, and the calculations and measurements will be
compared to predict the reliability of shielding calculations. Our calculational results
have been partly compared with those of ORNL, and the effects of difference of
calculational conditions were examined.

5.12 Improvement of Albedo Monte Carlo Code "MORSE-ALB"

The albedo Monte Carlo Code "MORSE-ALB" was improved to treat the deep
penetration of radiation in shielding configuration of large scale geometry. The
arbitrary coupling surfaces with the discrete ordinate calculations were made to be
applicable to forward and adjoint calculations.

The improved code was applied to teh analyses of the shielding experiment on
the fast neutron source reactor "YAYOI" of University of Tokyo and the streaming
measurement on the primary coolant pipe of "JOYO".

5.13 Preparations of Group Cross-Section Sets from JENDL File

Cross-section sets prepared from ENDF/B-IV file for shielding calculation were
revised by using JENDL file. SUPERTOG code in RADHEAT system and MINX code
were checked for 3ENDL file and infinite dilution cross sections and resonance self-
shielding factors were calculated by those codes. By the benchmark problems (such as
NEA shielding benchmark), we are now checking the data and estimating the effects of
the difference of nuclear data files.



6. Research and Development of Reactor Components 6.<t Intermediate Heat Exchanger

6.1 Reactor Vessel and Internal Structure

6.1.1 Hydraulic Tests of Flow Distribution

Experimental studies of hydraulic characteristics in the Monju reactor vessel
have been performed with an integral flow inodei of 1/2.1*1 geometric scale using water
as a working fluid. The model was designed to simulate the hydraulic characteristics.
Among these tests, measurements were made under isothermal and steady flow
conditions; (1) pressure distribution in the each plenum, (2) pressure loss characteristics
of the plenum inlet flow holes, and (3) flow rate distribution through the reactor core,
blanket, control rod and neutron shield regions. Since the design of the reactor core
support structure was changed due to the result of the Monju HCDA analysis, the
experiments have been started to obtain data focussing on new features of the design.
The construction of test facility has been completed. Currently, the preliminaly analysis
and experiments are being carried out.

6.2 Shield Plug

A temperature distribution test was carried out on a simulated reactor upper
shield plug which has a scale of approximately 1/3 in diameter and I/I in height. It was
operated under elevated temperature using sodium. Test result showed existence of
natural convection of argon cover gas in the annular gap around the plug.
In order to suppress this effect convection restraining plates were employed. A
performance test was carried out from May to October 1983 on the above-mentioned
model with the convection restraining plates. The data of this test are now being
analized. In connection with this test, measurement of evaporation rate of sodium mist
in the temperature range from 150°C to 300°C have been started using a small sodium
pot. This basic data will be used for the calculation of sodium mist deposition rate on
the relatively low temperature walls of the annulus.

Water flow tests of 1/6 sector model and 1/2 scale full model of the M0N3U
intermediate heat exchanger has been completed. The uniform flow distributions in both
primary and secondary side were established with low pressure losses by the flow control
devices devoloped in these tests. Further sodium flow test under transient condition was
performed to investigate the stratification characteristics in the risinj; flow region after
inlet nozzle which might affect thermal shock rate to the upper tube sheet section. On
the other hand, in-sodium life test was carried out on the trially fabricated bellows to be
used at the top of the down-commer pipe. Further, on the tube-to-tube sheet welding,
the filet/but welding was selected through some trial fabrications. And non-destructive
inspection method was also developed for the tube-to tube sheet welding.

6.5 Control Rod Drive Mechanisms

Three kinds of control rod drive mechanisms for MONJU has been tested with
full scale mock-up under simulated sodium conditions. These have fine control, coarse
control and back-up functions respectively. In-sodium test on the back-up control rod
drive mechanism is finished in December 1983. Bellows for shaft seals has been tested
to establish the design basis. As dynamic behavior affects on the life of bellows,
movement of bellows in case of scram has been studied in detail in both experimental
and analytical method. Besides, fatigue life data have been stored through in-sodium and
in-argon gas test on bellows.

6.6 Refueling and Fuel Storage System

Refueling system of MON3U consists of in-vessel fuel handling machine (FHM),
and ex-vessel transfer machine (EVTM). Testing of prototype FHM in sodium and
characteristic test of the shaft seal were completed. Testing of prototype EVTM in
sodium has been performed since 1981.

The ex-vessel fuel storage tank (EVST) is designed to hold th<; fuel assemblies by
a rotating rack in sodium. Testing of the bearing and the shaft seal in air and in sodium
were completed in 1982.

6.3 Primary Pump

Good hydraulic performances of the primary pump of Monju were already
modified by in-water and in-sodium tests with a full-size prototype.

As the final stage of the pump test series, some special tests are planned to
demonstrate its sound functions under emergency conditions: An operation test with low
sodium level in the pump casing will be soon started, and some additional tests will
follow under the condition of failure of seal gas feed.

6.7 In-Service Inspection Equipments

An effort is being made to develop In-Service Inspection Equipment for reactor
vessel, its inlet pipes and PHTS (Primary Heat Treatment System). Basic examination
technique is "Visual". Remote inspection technique with optical fibor scope for reactor
vessel are now being developed.

Another effort is being directed to develop ultrasonic transducers for high
temperature use as one of volumetric examination technique.

23



24 7. Steam Generator System

7.1 50 MW SG Test Facility

After the 3,400 hour operation with steaming condition the testing of No.l 50
MW SG were completed in April 197 5. It was disassembled for inspection and the
feasibility of the "MON3U" SG design concept was confirmed.

Then No.2 50 MW SG was contructed and the performance test began in January
1976. The accumulated operating time of No.2 50 MW SG is 14,000 hours with steaming
condition for the evaporator and 4,570 hours for the superheater. Total operating time
for secondary sodium loop with sodium is 31,300 hours as of the end of 1983. Research
and development on the steam generator characteristics, plant controlability and
thermal transient test were almost completed.

The spacial characteristics of the evaporator were evaluated taking into account
of the plugged tube effect. Evaluation of the effect of the water side fauling is under
way. No performance change has been observed after 14,000 hours operation.

Demonstration of maintenance and repair techniques for SG was carried out in
19S1 using the evaporator.

Water and hydrogen are injected into the evaporator or the sodium inlet piping
and hydrogen behavior in the loop is being studied.

Acoustic leak detection system is also being studied at the 50 MW SG test
facility.

Monju auxiliary cooling system (ACS) test equipment was installed on secondary
sodium loop of 50 MW SG Test Facility, simulating Monju system and, operation and
testing of this system was started from Ouly 1982, and completed in Dec. 1983. Flow
diagram and test items of ACS is shown in Fig. 7-1 and Fig. 7-2, respectively.
Verification efforts of COPD-50 & NATURAL-SG Code (Plant dynamics analysis code &
natural circulation analysis code of 50 MW SG Test Facility) are now made through
analysis of ACS test results.

Two failure propagation tests were performed by use of SWAT-3 in 1981/82 to
clarify the potential of tube burst due to overheating. A plenty of information was
obtained on the conditions and the mechanism of the overheating. In consideration of all
the failure propagation tests, the DBL for the Monju steam generators was determined.

7.2.2 Computer Code Development

The SWAC10 code has been developed for evaluating effectiveness of the leak
detection system. Data obtained by the 50 MW SG test facility have been compared with
code results.

The LEAP code has been developed for estimating the extent of leak
propagation. This code aims at evaluating the design basis leak (DBL), and has been
validated by the SWAT-3 data.

The SWACS code has been developed for computing pressure and fluid-flow
dynamics of the large-scale sodium-water reaction accidents. Data obtained by the
SWAT-3 facility were used to validate SWACS. An improved version of the long-term
module is being developed.

7.2.3 Leak Detector Development

Tests of nitrogen gas injections into water were carried out for studying a
usefulness of the acoustic detectors using a half scale model of the Monju evaporator.

7.2 Sodium Water Reaction Study

7.2.1 Leak Hole Enlargement and Leak Propagation Study

40 self-enlargement tests on micro crack defect of 2-l/4Cr-lMo and stainless
steels were conducted in SWAT-4 under various operating conditions of Monju from 1981
to 1983.

Six tests were carried out using SWAT-1 from 1981 to 1983 to investigate
wastage phenomena under various conditions of a intermediate leak to support the
selection of a Monju DBL, which were a wastage test for weld joint of heat transfer
tubes, a steam leak test in the cover gas region, etc. They proved to be inessential for
the DBL for Monju steam generators.
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26 8. Sodium Technology

8.1 Material Tests in Sodium

Creep-rupture tests under internal pressure are carried out for modified SUS316
fuel cladding tubes.

Mechanical tensile tests after exposure to high temperature sodium, as well as
corrosion test in sodium are continued for modified SUS316 and advanced alloy for future
fuel cladding tube.

Caustic corrosion tests of SUS304 and SUS316 were carried out in the primary
environment of nitrogen including oxygen of 0 - 2% and H2O of 0 - 14,800 ppm. Also,
caustic corrosion tests of 5US304 are continued in the secondary environment of air at
the temperatures of 325OC and 505°C. Various materials are tested in off-normal
condition including high C or NaOH. Long term creep test is carried out SUS321 for
super heater material.

Stress corrosion cracking tests of SUS304, SUS316 and SUS321 are continued in
the wetted steam including oxygen and chlorine.

Self-welding, friction and corrosion tests are continued on Inconel 718, tribaloy
700, Colmonoy No.5, Chronium carbide LC-1H and FR452. The tests are carried out
under the variable condition as the parameter test.

8.2 Flow and Heat Transfer

In order to evaluate the deposition of sodium vapor in the annular gap between
reactor vessel and shield plug, it is required to obtain the experimental data on sodium
mist content in cover gas space at relatively low temperature condition. Modification of
apparatus has been started to conduct the experiments.

Tests on flow distribution in the Monju reactor vessel have recently started by
using water test model. Experimental data will be collected late in this FY to validate
the computer code for prediction of adequate flow distribution in the Monju reactor
vessel.

Experimental study on overflow of the Monju reactor vessel has been started by
using w^ter flow model. As a result of preliminary test, minor modification will be
required on the design of the overflow line.

Heat transfer tests at low Peclet numbers have been continued by using heater
pin bundle at extremely low flow velocity of sodium. As the result of the test, it is
expected to obtain the accurate data on Nusselt numbers at low flow conditions.

8.3 Behavior of Radionuclides in Sodium

The objective of this area is to study the mass transfer of radioactive corrosion
product in sodium for the purpose of the radiation dose evaluation in the primary coolant
system and the development of the method to decrease radioactive corrosion product.

The 5th radioactive mass transfer exposure test is being progressed in the
Activated Material Test Loop-II in order to develop CP trap. Major Test conditions of
this test were as follows:

Cold trap temperature
Test duration
Sodium temperature

140 oc
5,000 hrs
400 oc (hot leg)
400 oc (cold leg)

A computer code for corrosion product behaviour and dose evaluation in the
reactor plant, "JOYO" has been developed.

Trapping of corrosion products using metals like Nickel is also investigated.

8.4 Sodium Chemistry and Sodium Purification

Performance test of an experimental model of on-line gas chromotograph for
JOYO cover gas monitor was done in order to determine the measuring condition and to
confirm the durability.

A prototype on-line gas Chromatograph was fabricated in 1979 and performance
test was made in 1981.

Development of the other on-line impurity indicators such as plugging indicator,
hydrogen, carbon, and oxygen meter, continue at O-arai Engineering Center,

Vanadium-Wire equilibration method for determination of oxygen in sodium was
developed and completed. Steel foil equilibration method for carbon was studied
preliminarily and is being developed.

A typical full size cold trap for FBR primary cooling system has been tested on
an improved model based on data obtained from past experiences. The test includes
quickened life test and regeneration test as well as ordinary characteristics test.

Cold traps of the secondary cooling system are estimated to be exchanged every
several years because the traps will be plugged with the hydrogen diffused through the
heat transfer tubes of the steam generator. A preliminary study on regeneration of the
plugged cold trap was conducted by evacuating gas phase over the sodium surface after
dissolving the trapped hydrogen into sodium by raising the temperature.

The results show that MONJU secondary cold trap is required to be heated to
about 360°C in order to regenerate it within a month. A large scale test on the
regeneration system of the secondary cold trap is planned to be performed in 1984
through 1987.

A feasibility study on regeneration of MON3U primary cold trap was completed.



S.5 Sodium Removal and Decontamination 9. Development of FBR Instrumentation

Since 1971, sodium removal tests have been carried out for the various sodium
components at the O-arai Engineering Center. Sodium removal experiences were
obtainted in the past two or three years about the following components.

a. Monju fuel handling machine (mockup)

b. Monju intermediate heat exchanger (mockup)

c. Monju primary coolant circulating pump (mockup)

d. Joyo primary coolant circulating pump

e. Joyo various fuel subassemblies

f. Grapples of Joyo Fuel Handling Machine

The mock-up of 3OYO reactor vessel with its internals rotating plug will be
dismantled within this year and new experiences will be obtained.

A feasibility study was made on removing sodium from crevices.

Since 1976, study of radioactivity decontamination of primary system com-
ponents are being made in laboratories of manufactures.

The program consists of the following from parts;

a. Researches in the chemical decontamination method

b. Researches in the physical decontamination method

c. Studies on treatment techniques of the decontamination waste water

d. Miscellaneous studies

One of Joyo primary mechanical pumps was dismantled and decontaminated in
1982 and the other pump will be dismantled in 198<».

8.6 Miscellaneous

Full size cold trap of MONJU primary cooling system has been tested on an
improved model based on data obtained from past experiences. The test includes forced
lite test and regeneration test as well as ordinary characteristics test.

9.1 Nuclear Instrumentation

9.1.1 In-Core Fission Chamber

Development of micro fission chamber to provide for the instrumented subas-
seblies of JOYO has been completed.

1984.
The instrumented subassemblies will be loaded in 3OYO MK-II core at the end of

9.1.2 Ex-vessel Fission Chamber (FC) and compensated Ionization chamber (CIC)

High performance FC and CIC for Nuclear Instrumentation of MON3U have been
developed.

Endurance tests in 3OYO Mark I have been carried out for each chamber and
tests results were excellent.

9.1.3 Ex-vessel BF3 Proportional Counter

Ex-vessel BF3 proportional counter was tested under the temperature up to
250°C. Neutron sensitivity was about <J.5 cps/nv and it was kept constant even when the
counter was exposed to gamma flux of 200 R/h.

Reliability tests of an improved BF3 proportional counter are now being carried
out in Japan Research Reactor - li.

9.2 Failed Fuel Detection and Location

9.2.1 FFD

For cover gas monitoring system, a moving-wire-type and a fixed-wire-type
precipitators have been developed, and the results of the performance tests were
excellent.

9.2.2 FFDL

The tagging gas system has been developed for locating the failed fuel
subassembly.

A simulation test of the cryogenic adsorption system for Monju is now being
carried out.



28 The neutron irradiation test of tagging gas and tagging gas transfer test are to
be carried out in the test subassemblies of Joyo MK-II core to verify the tagging gas
system.

9.3 Early Warning System for Fuel Failure

9.3.1 Temperature Measurement

The performance and reliability of C.A. (Chromel-Alumel) thermocouples under
irradiation condition by 3MTR were investigated and failed thermocouples were inspec-
ted in a hot-laboratory.

9.3.2 Flow Measurement

New type eddy-current flow/temperature sensors were developed and tested in a
sodium loop. Durability tests in high temperature atmosphere are completed.

A flow blockage test is being performed using the flow sensors and seven mock-
up subassemblies of MONJU fuel.

9.3.3 Other Systems

An acoustic detection system is being developed for purpose of detecting some
anomalous sound, in particular the onset of local boiling in the core. Experiments and
analysis are being performed on the acoustic propagation and sodium boiling sound
characteristics. A correlation method using the reactivity and acoustic signals were
investigated on the TCA (Thermal Neutron Critical Assembly) in JAERI.

9.4 Process Instrumentation

9.4.1 Sodium Flow Meters for Large Piping

.Since the permanent magnet type flowmeter was adopted for the flow measure-
ment of the primary and secondary system of MONJU, flowmeter response and
calibration method became a major concern. Some tests related to these items are in
progress at the O-arai Engineering Center.

A 24-inch ultrasonic flowmeter was tested, for the application to the calibration
of the electro-magnetic flowmeter in MONJU.

A testing of on-site calibration technique using cross-correlation technique of
EM Flowmeter noise signals was carried out.

9.5 Surveillance

9.5.1 Under Sodium Viewer

Two types of USV, horizontal and vertical, are being developed. Under-Water
Imaging test of the horizontal type USV system which functions as an acoustic sweeper
was finished.

Under-Sodium Imaging test of the vertical type USV system, which visualizes the
upper surface of the core barrel, was finished using a 3/10 scale model of MON3U
reactor vessel.

9.5.2 Sodium Leak Detection System

A sodium ionization detector (SID) and aerosol trapping filter has been tested at
the leak rate of the order of 100 g/h in the simulated environment of «i primary cell of
MONJU and test results were excellent.

Radiative Ionization Detector (RID) has been developed to apply the secondary
gas to sodium leak detector of Monju.

Testings in the simulated environment of secondary system of MONJU is being
planned. In relation to this system, aerosol generation and diffusion are also
investigated.

10. Fuel and Materials

10.1 Fuel Fabrication

The fabrication of "JOYO" MK-II fuel is now being carried out at the modified
PNC Plutonium Fuel Fabrication Facility.

The detailed design of the "MONJU" fuel assembly is almost fixed, and the
construction of the PNC Plutonium Fuel Production Facility for "MONJU" fuel is in
progress. Plutonium handling technology gained through the fabrication of "JOYO" core
fuel are now being applied to the new technology development. The "MONJU" fuel
fabrication plant utilizing as much remote technologies as possible is being designed in
detail, and some of remote handling components are being developed.

10.2 Fuel Pins

Inpile fuel instrumentation techniques such as inpile measurements for fuel
center temperature and fission gas pressure are being developed.
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Metalic coated cladding tubes, developed to reduce the fuel cladding chemical
interaction, is fabricated and planned in irradiation in "JOYO" reactor.

Out of pile tests to clarify the basic mechanism of CCCT (Clad Component
Chemical Transport) and FCCT were conductes.

10.3 Cladding Tubes

Optimized type 316 stainless steel, controlling the concentration of C, Si, Mn, P,
Ni, Cr, Mo, N, B, Ti, Nb and solution temperature in order to get better creep strength
and swelling resistance, has been developed for "MON3U" and "JOYO" MK-I1 fuel
cladding tubes. These tubes are being irradiated in Phenix and in "JOYO" MK-II where
the interim examination showed the good results.

For back up materials to type 316 stainless steel, 6 modified austenitic stainless
steels were chosen. Further-more, development of precipitation-strenghened high Ni
alloys and ferritic steels has been initiated.

IO.<» Subassembly

Sodium endurance test of mock-up fuel subassembly fabricated for final testing
was carried out and the inspection of assembly parts after disassembling was finished.

Wrapper tube with integrated spacer-pad has been developed for "MONJU"
subassembly and pad coating technique is under development.

Tag gas capsule has been developed with PNC design.

10.5 Fuel irradiations

MK-II irradiations started. Several subassemblies are being modified and
irradiated to verify the design criteria for "MONJU" fuel claddings. Irradiations of fuel
pins and subassemblies are being performed in some foreign reactors, such as, phenix,
FBR-II and FFTF in order to assure the performance of "MONJU" fuels. Safety
irradiation experiments in Siloe reactor, using the pre-irradiated fuel pins in Rapsodie,
started and will be completed in 1984.

II. Structural Design and Materials

11.1 Development of Structural Design Methods

11.1.1 Structural Analysis Methods

a. Inelastic structural analysis program

Extension of the general purpose inelastic structural analysis program
FINAS has been made since 1981, particularly with respect to inelastic

analysis options, dynamic analysis capabilities and output options. FINAS is
currently used by users in PNC and allied fabricators.

b. Simplified analysis method of tubesheet-shell structures

Simplified analysis procedures combining axisymmetric and [date models are
being developed for tube-sheet-shell structures.
Methods of predicting local stresses and strains in the c-ntral region of
ligament as well as rimligament region are explored for thermal transient
loads.

11.1.2 Structural design guides

a. Improvement of MONJU design guides and supplements

The following items are discussed on task force basis to establish the
improved MONJU design guides and supplements.

. Material strength standard

. Inelastic analysis methods

. Stress reports

. High temperature sodium valves

b. Establishment of application guidelines

As application guidelines of MONJU design guides, the following items are
established.

. Design methods of welds

. Relaxation damage evaluation

. Buckling safety factors

. Design methods of tubesheet-shell structures

. Bolts etc.

c. Improvement of design post-processor

The design post-processor POST-DS based on the MONJU -,tructural design
quide for elevated temperature service has been developed and improved.
The analysis results obtained by FINAS are easily incorporated into POST-
DS.

11.2 Structural Test and Evaluations

11.2.1 Structural element and component tests

In order to evaluate the adequacy of high temperature design rules and analysis
methods and also to confirm the integrity of the actual components, the following
structural element and component tests have been or are being performed.

a) Creep fatigue tests of elbows in sodium
Tests are completed and evaluation is under way.



30 b) Fatigue tests and creep buckling tests of T-joints
Fatigue tests and creep buckling tests are under way.

c) Thermal and creep ratcheting tests of pipes and elbows
Creep rachtting tests on 2K. Cr-lMo pipes and elboes are completed.

d) Creep tests of cylindrical shell with axial temperature gradient
Test completed.

e) Creep tests of beam with primary and secondary stresses
Tests under way

f) Biaxial stress relaxation tests of cylinder
Tests under way

g) Elevated temperature tests of piping bellows
Test apparatus is under construction for the first test in 1985.

h) Thermal transient tests of SG tubesheet Model
Testing facility is completed and the first test is scheduled in 198*.

i) Thermal transient test by TTS
The thermal transient test rig for structures (TTS) is under construction and
the first test on vessel is scheduled in 198*.

11.2.2 Thermal and hydraulic tests in reactor components

Thermal and hydraulic tests are being performed to capture complex thermal
boundary conditions for structural design of reactor components.

a. Thermal stratification tests of 1/6 - scale and 1/10 - scale models of
MON3U upper plenum Tests completed.

b. Structural integrity tests of reactor vessel with sodium level
Phase 1 test completed and
Phase 2 test scheduled.

c. Thermal striping tests for UCS
Test apparatus is made in 198*.

11.3 Structural Material Test

Research and development (R & D) on structural materials has been conducted to
refine and/or revise the materials strength standards for MON3U in air, sodium and
irradiation environment. In Fig. 11-1 are shown the R & D items necessary to the design
of fast breeder reactor.

11.3.1 In-air Structural Material Test

In table 11-1 are shown the R & D schedule of FBR structural material test.
Now is under way the R & D for the design and licencing for MON3U. Furthermore were

begun from last year, 1982, the preliminary investigations on the structural materials for
demonstration reactor.

According to increasing needs for structural materials data on "MONJU"
components, the installation of fatigue and creep testing machines h.is progressed since
1977 in FDR component fabricators. And new test laboratory for -structural material
strenghts, which was facilitated ten high temperature low cycle fatigue testing machines
and eighty creep testing machines, was constructed in O-arai Engineering Center in
Aug., 1980.

11.3.2 Structural Material Test in Sodium

The following research works are in progress:

a. Corrosion and mass transfer
Mass transfer tests on SUS30*, SUS316, SUS321 and 2K, Cr-lMo steel

b. Carbon transfer
Carbon transfer test on bimetallic systems simulating the MONJU secondary
systems

c. Mechanical strength tests in sodium
Determine the effect of the sodium environment on the mechanical pro-
perties of structural materials, such as tensile strength, creep, low-cycle
fatigue and creep-fatigue.

The new facility was constructed on O-arai Engineering Center in 1979.

11.3.3 Structural Material Test in Irradiation Environment

The tests on domestic 30* stainless steel have been conducted to ensure the
safety of reactor vessel and internal components under the irradiated condition.

Upon attainment of power level 100 MW, Joyo is to be operated for "irradiation
bed". The structural materials irradiation rig (SMIR) which is designed to be able to
control the irradiation temperature, is now being fabricated. With SMIR, the tempera-
ture control in the range of *00°C to 610°C is to be enabled. The upper core structure
irradiation rig (UPR) for irradiation of structure irradiation rig under construction, which
is designed to get the irradiation conditions at high temperature ( 53O°C) in low neutron
fluence ( 15 x 10l3n/cm2 - «Sth, 5 x 1016 1 x 10l8r,/cm2 - E 0.1 Mev.) The post-
irradiation tests are conducted in Material Monitoring Facility at O-arai Engineering
Center.

11.3.* Data Banking and Retrieval System

Material tests are conducted following the standard manual "FBR Metallic
Materials Test Manual" including various data sheets and standard graphs. A data
banking and retrieval system which handles the resulted data are under development.
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32 12.1 Reactor Safety 12.1.« Transient Overpower Tests (CABR1)

12.1.1 Sodium Boiling

Summary work of the past two series of sodium boiling experiments at decay
power levels, i.e. 37F and 37G experiments using 37-pin bundles, have been performed.
A next series boiling experiment 37H is planned to be started at the earlist by the end of
1984. Teh 37H test section differs from the 37F/37G test sections in simulating the full
length of MONJU fuel subassembly with a chopped-cosine heating profile. The Mixing
Test Facility is under modification to have a capability of conducting the boiling
experiment with the 37H test section. The appended new part of the facility is called by
the name DHB (Decay Heat Boiling).

Based on the first series experiment of large bubble behavior in water pool, a
new test plan of the second series has been designated. Emphasis will be directed to
examining the bubble expansion process. A visualization method using water as a
working fluid will be taken again.

PNC has participated in the joint CABRI project as a junior partner since 1975,
stationing delegates at Cadarache, France.

Useful information has been accumulated on the behavior of fresh and irradiated
fast reactor fuel pins under rapid power transient conditions.

Code verifications for the PAPAS and SAS3D codes have been done through the
experimental analyses (pre-and post-test calculations).

12.1.5 Large Scale In-Pile Tests (TRAN)

PNC joined the PNC-NRC joint study of fuel removal potential during the late
initiating and transition phases (TRAN Program at Sandia National Laboratories,
Albuquerque).

12.1.2 Fuel Failure Propagation

The local blockage experiments using a 91-pin bundle which was blocked a half of
whole flow area by a stainless steel plate were conducted till the end of 1982. The
analyses of the test results have been performed based on the idea introduced thus far.

Also, accoustic noise and bundle-exit-flow/temperature meter signals were
analized for anomaly detection stuoy.

The temperature increases in the recirculating flow region behind the blockage
were evaluated by empilical correlations. Taking into account the effect of FP gas
release possible to occur under high temperature conditions, a local fault event scenario
which is consievable as best from obtained information was drawn. This project will be
finished summarizing these results.

12.1.3 Molten Core Material Interactions

Six out-of-pile tests were performed to investigate the mol-en fuel behaviors and
FS1 phenomena during TOP and LOF-d-TOP accidents since February 1983. In the tests,
the molten fuel behaviors in flowing sodium were observed by dual X-ray
cinematographies. The data analysis of the tests is under way.

The preliminary results are as follows. The maximum height of pressure pulses
was 5.3 MPa. The conversion ratio from thermal to mechanical energy evaluated on the
basis of the conservative assumptions was less than 0.2 %. These results indicate that
the FSI phenomena were mild. It was observed that the most of the released fuel was
dispersed due to the pressure pulses, and effective channel blockage was not observed in
the tests. The particle size distributions of fuel debris were measured.

12.1.6 PAHR In-Pile Tests

PNC joined the 3oint Debris Bed Program since 1980 which are conducted under
USNRC programmatic management at Sandia National Laboratories, Albuquerque, New
Maxico. A technical staff was sent for participation in the conduct and analysis of the
debris bed coolability and dry capsule tests.

These results were used in the PAHR analysis of the Monju reactor.

12.1.7 Accident Analysis Codes

1) Whole core accident analysis

Several computer codes are used and maintained in a study of HCDA events
in the Monju reactor. These include: SAS3D; VENUS-PM2; SIMMER-II; SAVE for
SAS3D/VENUS data transfer; DIF3D5 and SPLINT for preparing reactivity worth
data to SAS3D; SASGRIP and SASMOVIE for improved graphical representation
of the bulky output from SAS3D. SAS<fA recently introduced from ANL is being
installed and implemented.

Verification efforts were continued for the SAS3D and PAPAS-IS codes
mainly through the analysis of the CABRI test data.

New efforts are undertaken for upgrading PAPAS-IS and completing as
PAPAS-2S: These include incorporation of EULFCI (fuel-coolant interaction),
FLCAST (fuel deformation) and a model for transient fission gas release and
swelling of fuel pellets.

2) Local faults

Single-phase subchannel analysis code ASFRE has been applied to a number
of in-pile and out-of-pile tests using a focing function in a wire wrap model.
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Results prevail the thermo-hydraulic modeling is reasonable in the range of high
Reynolds number. The ASFRE code was also applied to the 10th LMCWG
Benchmark wall blockage cases with and without leakage flow. The code is being
updated to include the mixed connection and natural circulation analysis
capabilities for a wire wrapped fuel subassembly.

Single subassembly sodium boiling 2D analysis codes, REDNEC and BOCAL,
have been applied to LOF experiments and SLSF-W1 tests to verify their
capabilities in view of physical modeling and numerics. REDNEC, using drift
flux formulation, was found to be fast in running time and will be used as a tool
for parametric studies of low heat flux boiling phenomena.

Based on the assessment of 2D codes, needs for a robust two-fluid model
code were called. A ID two-fluid model analysis code SABENA with primary
loop system coupling has been completed. The SABENA code has been applied to
a wide spectrum of boiling experinents, including KfK 7 pin LOF experinents,
SLSF-W1, and PNC sodium boiling experinents. Currently 2D version is finishing
and 3D version development is underway.

3) System safety analysis

PNC started the cooperation with Brookhaven National Laboratory for the
Super System Code (SSC) development and application in 1980. Since the
introduction of the SSC into PNC, most of the efforts have been directed to
applying the code to LOP and LOP1 accidents of Monju plant system. For the
PLOHS events and other long time transients, SSC will by extensively used to
study the consequences of many possible events. In this connection, the ACCS
model was developed and is being implemented into SSC.

Regarding the in-vessel thermal-hydraulics, COMMIX-1A was introduced to
PNC in 1982. In 1983, PNC organized a benchmark project and round-robin
comparison of Japanese multi-dimensional thermo-hydraulic analysis codes and
COMMIX-1A was carried out against the Monju upper plenum stratification
tests. Benchmark test results have been compiled and will be published. Parallel
to the benchmark test, applications of COMMIX-1A to 3OYO In-Vessel natural
circulation test and thermal stratification test at CRIEPI are now underway.

<f) Code system support utilities

Large Code System Maintenance, LAXYM, was upgraded to treat
FORTRAN-77. The resultant new version, LAXYM-77 can process CALL
COMDECK statements, and refer statement cards either by internal statement
numbers or by card identifiers in the source program.

In addition HISTORIAN-processed source programs can be analysed by the
new version.

12.2 Shock Structural Experiments and Analyses

Structural response of the reactor vessel against HCDA energetics have been
studied for Monju both experimentally and analytically.

1) Scaled model reactor vessel tests (1981-83)

All experimental results were summarized and examined very carefully for
the evaluation of Monju reactor vessel integrity.

Some of the experimental results were analyzed numerically of with
PISCES2DELK to evaluate the capability of the prediction of PISCES-2DELK
code.

2) Analytical studies with PISCES (1981 -83)

Sensitivity studies were performed by PISCES-2DELK for the uncertainties
of input data and modeling. Effects of the internal structures on the reactor
vessel response to HCDA energetics were studied by PISCES-2LK.

These results were summarized and examined very c.irefully for the
evaluation of the mechanical margin of the Monju reactor vessel.

3) Tensile tests on materials (1981- )

Basic material tests on high-speed tensile properties have been performed
jointly by JRC/Ispra and PNC.

12.3 Radiological Consequences

1) Fission product loop

The FPL-2 sodium in-pile loop has been installed in the Toshiba Training
Reactor in June, 1982. The loop has a delay line of about 25 meters and
equipped with eleven gamma collimators and two DN detectors. The test series
is aimed at measuring the transfer and deposition of fission products, and
ultimately understanding the signals from failed fuel elements.

Sixteen experiments were carried out from September 1982 to March 1983.
The major parameters were sodium flow rate, sodium temperature, and reactor
power. Many nuclides were detected for the first time in sodium loop. The first
analyzed FP elements were Sr, Ba, and Zr, and further analysis is under way.
A second series of experiments has been initiated since September 1983.

2) Sodium spray fire experiments

For the purpose of validating the SPRAY code used in Monju licensing and of
checking the influence of water vapor in the atmosphere, six spray tests were
conducted in a 21 m^ cell covered internally by steel liners. The spray nozzle on
the ceiling ejects about 50 kg of sodium at 530°C, the mean diameter of the
sprayed sodium particles is about I mm. The temperature and pressure of the
gas, the change of concentrations and the generation rate of aerosols were
measured. The experiments revealed that the humidity has practically no
influence on the peak temperature and pressure of the gas and that no hydrogen
is generated when the oxygen content is 21 volume percent.
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concentration and further analysis is being continued for high oxygen tests.

3) Sodium fire analysis

To enable analysis of simultaneous sodium fires (spray and ensuing pool) in
the secondary system, an attempt was made in coupling SPRAY and SOFIRE into
a unified code, ASSCOPS. This utilizes the 2-cell model of SOFIH.E and a spray
fire is assumed in the upper cell. Because of the differences in the geometry and
compositions in the two cells, the coupling was not easy. We have reached the
stage that the calculation results seem reasonable.

<t) Containment analysis

CONTAIN developed by Sandia for US-NRC has been checked out on a
CYBER-176. Simultaneous conversion of the code to the IBM-compatible form
has been completed.

The applicability of the CONTAIN-1B code has been studied to verify
sodium combustion models and to examine their capability of sodium fire
analyses in the Monju plant. The code was compared with the SPRAY-3 code and
the SOFIRE-M II code.

5) Sodium concrete reaction studies

Thirteen experiments were conducted as a first series using graywacke
concrete which is planned for .Monju. Sodium of 0.75 - 8 kg at 430 - 630°C was
spilled onto the concrete specimens of 20 cm diameter and 30cm length. The
penetration rate into the concrets and hydrogen generation rate were measured.
For temperatures higher than 530°C, the violent reaction occurred as well as
basalt concrete.

A second series test have been carried out to study the effect of vertically
faced concrete and sodium/perlite concrete reactions. A third series will be
initiated at the end of this year.

3) Water simulation test

Seven tests were carried out using water to observe the splash pattern from
the defected pipe of IHTS. Three parts of pipe such as the straight pipes, bends
and elbows were simulated and effect of inner jackets, outer jackets and thermal
insulating material was studied. Quantitative study will be continued.

Sodium Fires

1) Basic test

The basic tests are to study the performance of tunneling floor, draining
pipe and fire suppression system in a small scale. In this tests, the maximum of
180 kg of sodium used. Three tests were carried out and the basic characteri-
stics of sodium fire and effectiveness of fire protection systems were revealed.

2) Large scale tests

The large scale test are to study the sodium fires with a half scale model of
Monju secondary building, where a fire suppression system, tunneling floors, and
draining system are installed. The facility construction starts from early 198'»,
and the test will be started from early 1985. In the test, the maximum of 2o
tons of sodium in total weight will be spilled in the model.
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A pilot version of the European Accident Code (EAC) which is developed at
the JRC ISPRA in close collaboration with the WAC group was released.
Several Member States started implementing the code on their computers and
gained first experience in using it.

The future development of the EAC will be concentrated on the development
of a fuel dynamic and fuel notion module with which the code is expected to
become a competitive tool for whole core accident analysis.

1 . INTRODUCTION

The WAC group pursued its discussions on specific item:i of accident ana-
lysis; reports on the on-going work in the Member States were given and the
state of the art in different areas was assessed.

The frame in which the activities of the Commission of the European Commu-
nities in the field of fast breeders are executed was described at earlier
meetings. The present review is therefore limited to a brief report on same
highlights.

2. COORDINATION AND HARMONISATION ACTIVITIES
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The Fast Reactor Coordinating Committee continued to discuss problems
related to the commercial introduction of fast reactors. In the frame of a
joint CEC/UNIPEDE study group specific economic aspects of fast breeder
reactors are examined, especially those related to the fuel cycle. The FRCC
followed with interest the evolution of the international collaboration, i.e.
the agreement signed recently amongst five Member States of the CEC, aiming
at a closer cooperation in breeder development.

The Safety Working Group (SWG) has nearly achieved the discussions and
preliminary formulation of accident oriented criteria and guidelines.

The group continued the exchange of information on current R S D programmes
performed in the CEC Member States and at the Commission1s Joint Research
Center as well as the discussions of specific safety problems, i.e. the
results of probabilistic LMFBR safety studies, the application of micro-
electronics to LMFBR control and surveillance.

2.1.1. Whole Core Accident Codes

The Whole Core Accident Code (WAC) group of the SWG has nearly achieved its
fourth comparative exercise for a LOF accident in an irradiated core.

2.1.2. Containment Loading and Resgonse

The Containment (CONT) group continued its discussions en problems related
to HCDA containment analysis, and identified problem areas which may still
need further consideration, e.g. roof impact, internal structure modelling.
Also problems related to the mechanical behaviour of hezcans in case of a
local accident were considered.

The group believes that the still outstanding problems in both areas can be
brought to a satisfactory conclusion in about 2 years time.

Under the sponsorship of the CONT group two aerosol studies were undertaken :
D a critical comparison of existing sodium aerosol codes and 2) a comparison
of different measurement techniques applied to the determination of the
particle size distribution of sodium aerosols. Both exercises provided
interesting results whic'.s will be published.

2.2. Codes and Standards

The Working Group on Codes and Standards (CSWG) continued its work which is
aimed at a progressive elimination of divergencies existing between codes
and standards applied to LMFBRs in the EC Member States. The activities fall
in four main areas : manufacturing standards, structural analysis, materials
and component classification.

Topics considered during the last year in the field of manufacturing stan-
dards were the comparison of inspection methods, of hard facing techniques
and of flow acceptance criteria related to NDT reliability.



36 Activities related to structural analysis were the continuation of elasto-
plastic benchmark calculations and their comparison with experiments and
seismic benchmark calculations for a pipe-run. State-of-the art reports on
specific problems in fracture mechanics were produced with the aim to improve
the methods of assessing fast reactor components containing cracks.

Studies on the behaviour of structural exponents submitted to temperature
fluctuations were undertaken to provide indications about the allowable
temperature and load ranges,' modes of distortion and the effects of the
variation of material properties with temperature. Also the activities to
improve the constitutive modelling in the range of inelastic deformations
were pursued.

In the field of materials the properties specifications used by the Member
States were compared further. In particular data on the allowable stress, on
the stress relaxation behaviour and on fracture toughness of stainless steel
were collected and compared.

Boiling experiments with grid spacers were successfully carried out. The same
experiments will be repeated with a wire space test bun.lie. Both types of
experiments should provide information on the influence of the spacer type on
the boiling characteristics.

During the experiments also thermal noise analyses were performed, in collabo-
ration with CEA-Cadarache. Interesting results on the potential of tempera-
ture noise measurements for the early detection of cooling anomalies were
found, however further experiments under conditions closer to reactor situa-
tions are necessary.

Eurogean_Accident Code

Tha European Accident Code (EAC) which is a modular code system to study
postulated hyothetical accidental situations in LMFBRs was further developed.
A pilot version was released recently to the Member States (s. also 2.1.1.).

As concerns the classification of LMFBR components a new classification
system with respect to safety has been produced and is at present submitted
to a trial use by the Member States.

3. Activities performed at the Joint Research Center

A new multiannual programme of the Joint Research Center for the period
1984-1987 was approved by the Council of Ministers last December. As the
previous programme, in the field of LMFBR it comprises activities related to
safety and fuel development.

Besides the insertion of modules describing different physical phenomena
developed by national laboratories, new modules were developed, e.g. a
simplified model to describe fuel motion before clad failure. The code was
also improved with regard to its structure, i.e. the file independent call
system and its data bank organisation.

3.1.2. Accident post disassembly phase

Multighase multifluid hydrodynamics

A simplified 1D SIMMER code version was developed and applied to shock-tube
experiments. First evaluations showed a satisfactory agreement between
measured and calculated values.

The safety research is essentially performed at the ISPRA establishment.

3.2. Accident initiation and transition phase

Sodium thermoh^draulics

A 12 pin single phase experiment with grid spacers was carried out succes-
fully. Pressure drop data were compared with similar measurements performed
with water. Discrepancies of about 30 % were observed which need further
examination. These tests as well as heat transfer measurements serve as
reference for the boiling experiments which are foreseen next.

The original SIMMER code was successively updated and applied to specific
problems. Progress was made in calculating the TAYLOR instabilities at the
core bubble interface. Sensitivity studies were performed to assess the
effect of initial conditions and geometrical constraints upon the effective
work potential in the post disassembly phase.

Dynamic structure loading and resgonse

A report comprising the data from the COVA (code validation) programme and
their analytical evaluation was published.



The large overpredictions of roof impulses by computer codes, especially for
long tanks, was further investigated. It «as found that the response of the
roof hold-down system may explain, at least partially, the discrepancy.

The EURDYN codes were further developed. Release 3 of the EURDYM structural
codes has been submitted to the EUROCOPI programme library. SEURBNUK is now
being coupled to EURDYN (release 3).

Dynamics mechanical properties of materials

The identification technique was applied to analyse tests performed on a
modified HOPKlNSONS's bar and to define constitutive laws for AISI 316H.

- Theoretical work

To dispose of adequate tools for the evaluation of the experiments, a series
of code developments was undertaken, e.g. to model the behaviour of molten
pools or the freezing molten U02 in tubes.

3.3.3. LMFBR nechanical tests

The investigations on the behaviour of stainless steel under low cycle high
temperature and creep fatigue conditions were continue/!. A series of tests on
AISI 316 with the fatigue life decreased from 5.10 cycles to 200 cycles
has been performed and the experimental data were statistically analysed.

Experimental uni- and biaxial investigations were terminated for AISI 316H
and 316L at different temperatures (20-550°) and strain rates (0,001 -
1000 1/s). Different theoretical relationships (constitutive laws) to des-
cribe the dynamic material behaviour were calibrated.

In the area of fracture mechanics a theoretical approach based on dimensional
analysis and on the deformation theory concept enabled the calculation of
J-resistance curves directly from the specimens test data. In this way the
number of relatively expensive irradiated samples can be kept small.

Uniaxial dynamic tests were performed on steels (PE16, AISI 316, 304)
damaged by irradiation, creep, thermal and mechanical fatigue. 3.2. Fuel

After the succesful commissioning of the large dynamic test facility (LDTF)
calibrating tests are currently performed.

Post Accident_Heat Removal (PAHR)

- Out-of-pile studies

The FARO facility for melting large quantities of U02 was succesfully com-
missioned. First experiments in the BLOKKER test section in which different
structures will be exposed to liquid U02 jets will start soon.

- In-plle experiments

Good yTogress was made in the preparation of the European in-pile experi-
ments at BR2 (Mol) and Melusine (Grenoble). Due to delays in the crucible
fabrication, the first experiment with U02 + Na+SS is now scheduled for the
beginning of 1985.

The Transuranium Institute, JRC Karlsruhe has now completed the study of
"Swelling of Advanced Fast Breeder Fuels" and final reports are being pre-
pared. The last two irradiation experiments were high temperature tests with
(U, Pu) (C, 0) and (U,Pu)N of 95 % initial density.

The oxicarbide showed chemical interaction with the clad, the nitride had
behaved well. Further work on the optimisation of dense fuels for fast reactor
use has begun with the fabrication of carbide fuel specimens with low oxygen
content for an irradiation in HFR Petten. How far this new optimisation
activity of dense fuels (carbides or nitrides) will be pursued will depend
upon interest shown by Member States.

The theoretical and experimental investigation of the "Equation of State of

Nuclear Materials" has continued, among others, with the determination of the

vapour pressure, boiling point and critical point data of sodium-

Preparations are being made for irradiation of (U,Am)02 and (U,Np)02 fuels in

a fast reactor experiment, in order to obtain solid data for the nuclear and

material changes of minor actinides in a fast flux. In this context, repro-

cessing studies, having moved from (0,Pu)C to (U,Pu)N irradiated fuels,

included also the purification of bulk quantities of Am02.
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1. INTRODUCTION

In 1983 the consumption of primary energy in Italy decreased

slightly (-1.2%) with respect to that in 1982 due both to the negative

economic trend as well as to energy saving policies.

The trend in energy consumption in the first years of the decade

has been characterised by a growth rate that has been notably less than

that forecast. This has brought about the necessity to review the na-

tional energy plan. The current forecasts of total energy consumption

in 1990 indicate a value of 155-160 Mtoe as compared with the estimated

185 Mtoe at the beginning of 1982. The estimated consumption of oil

products has also been reduced from 94 to 89 Mtoe, and on t.ne basis of

the latest forecasts the dependence on oil will go down, from 64% of

primary energy sources in 1983 to 555= in 1990. There is a corresponding

increase in the dependence on natural gas which should rise from 15%

to 20% of primary energy sources.

By contrast the production of electricity in 1983 (182 billion

kWh) was unchanged from 1982.

In 1983 the fractional contribution of the various sources used

for the production of electricity remained substantially unchanged.

Hydro-electricity contributed around 24%, oil derivatives about 50%,

coal around 15%, natural gas around 6% and nuclear energy around 3%.

The net import of electricity amounted to around 11 billion kWh.

The electricity of nuclear origin came mainly from the Caorso

po*er station (860 MU'e) whicn underwent its first reloading at the be-

ginning of 1983 and over the uhole year produced altogether 4,45 billion

kWh with a load factor of 0.59. After around a year's running the second

reloading is currently underway.

The construction work on the power station at Montalto di Castro

w m c n consists of twin BWE reactors eacn oi iOOC >T*e r.as ccn-i.-.ued

without appreciable changes in schedule. The first of the two reactors

should come on-line in 1987.

The work on site qualification for the three nuclear power sta-

tions planned for Piedmont, Lombardy and Apulia has continued.

Coming specifically to fast reactor development, one must stress

the results obtained, both in terms of the progress of the various

programmes-extensively treated further on-as well as in terms of the

progress of international collaboration.

1983 was an important year for the strengthening of European

collaboration in the fast reactor field. In August, the study and con-

sultation group ARGO was established with the participation of the nu-
Llie federal Republic o£ Germany

clear corporations and systems design companies of Italy7/"France, Bel-

gium and Holland. The purpose of ARGO is to appraise the actual condi-

tions for fast reactor development which will contribute towards the

security of energy supply in Europe.

The existing will for collaboration between European countries,

including the United Kingdom, has been sanctioned by an intergovernmen-

tal agreement signed the 10th January, 1984. The pertinent document

reaffirms that the participants undertake to harmonize their respective

development progranmes and to promote collaboration between industry

and the electricity producing corporations. A first important step was

the signing on the 2nd March 1984 of a "Memorandum of Understanding"

for the national fast reactor programmes and th« exchange of information



on the technological and industrial aspects of the Nuclear Steara Supply

System (NSSS). This same memorandum foresees agreements between industry

and system design companies for the banking and the exploitation of

information acquired and developed in the European spheres.

The set of agreements already established together with those

vmich will be reacned in the coning nontns should guarantee the put-

ting into effect of a balanced and coordinated European programme, in

which each new power station design takes into account experience gair.su

in the design and construction of previous ones and the results of the

research and development programmes.

To sum up the Italian situation on the eve of the fifth five

year plan (1985-1989), the country undertakes to implement an important

activity of research and development in the context of a greater Euro-

pean collaboration. Our participation in the development of European

nuclear power stations together with the completion of the PEC plant

which will be used to develop a fuel element with the necessary eco-

nomic and safety characteristics, remain the two principal goals of the

Italian fast reactor programme.

In 1983 the sum assigned by ENEA for fast reactors was about

220 billion lire of which 145 billion was for the PEC reactor.

2. PEC REACTOR

During 1983 work on PEC continued with a considerable engagement

both from the financial and the staff points of view.

An important development has been the stipulation of an act appended to

the ccntract between ENEA and NIRA for the realization of the PEC reactor

with the following objectives:

- the reevaluation of the supply costs based on the limits fixed oy gov-

ernment (indicated in the last annual report);
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- a change to all - in contracts for the major part of the cost of the

undertaking;

- the possibility of a greater control on the part of ENEA in its role as client;

- better definition of the contract to cover areas not previously included.

The dates of completion of the various phases of the project

consistent with government recommendations are:

- completion of construction November 1987

- end of combined tests with the

test channel and beginning of fuel leading December 1988

- attainment of the nominal power November 1989

- end of the start-up tests and

beginning of operation 1990

Currently underway is the stage of authorization by the control

authority of the detailed projects. Of twenty submitted so far, fourteen

have been approved.

The engagement of personnel on the PEC project during 1983 has

been at about the same levels as in 1982 viz. about 1500 people in ENEA,

NIRA and sub-contractors.

The state of advancement of the work can be summarized as follow:

- design 80%

- civil engmeering(structures) 7556

- supply 30%

- orders 85X

2.1 Core Desig-,

The approval of the detailed core design has been obtained during

1953. This establishes as a reference point the updated status of tne co-

re parameters ap.d the programne of controls to be carriec out.



The neutrcnic verifications on the core at start-up have beer, race

During this phase tr.e use of dilute elements in the driver zor.s is

required; the fraction of plutomum is about 3C% ir. the (U, ?u)C2 fuel

with a uranium ennchner.t of 115S.

Following the earthquake verifications the fuel elenent design

was revised. T.-.is involved establishing the size of tne top pads as well

as the structural verification of the fuel element feet. To tr.is purpose

calculations m three-dimensional geometry have been carried out using

the CASTEM System on the two areas of contact of the fuel elements tc

check the mechanical and functional constraints.

Calculations on the static arrangement have been carried out.

All deformations present in the fuel element were taken into acccur.t,

so as to determine the maximum foreseeable force that the load/unload me-

chanism ras to sustain.Using conservative assumptions the maximum force co-

tamed was 1400 N including the weignt of the fuel elenent, well under

the mechanism limit of 3000 N.

An intense effort has been underway in radiation shie lding calcu-

lations of the penetrations in the different buildings, and has been

carried out m step with the advancement of the work on site. Moreover

shielding verifications of the penetrations in the reactor plug, and

reactor and comoonent vessels have already been completed.

Particular attention was paid to the verification of the core

under seismic conditions.

Sophisticated numerical techniques have been set up and applied

so as to correctly evaluate the core response. The important feed-back

effects on the tank have been taker, into account in particular aliening

for the new design solution of the ar.ti-seismic core restraint ring.

In addition, tests in support of the earthquake verifications

of the core have been continuing. These involve exciting prototype ele-

ments on a vibrating plate and verifying the subsequent structural not-

ifications. In tests such as these the first natural frequency of the

elements has been determined as 3.5 - <s.5 Hz in air ard 3 - 4 Hz in

water (simulating the sodiun) at levels of excitafor. relever.t tc earth-

quake verification.

Furthermore impact forces of up to 13000 ti (SSE - safe sr.ut-co-.-n

earthquake) have been measured in the presence of the anti-seisnic core

restraint ring without damage to the elements.

2.2 Activity on site and Comoonent Construction

The civil engineering has progressed considerably: during 19S3

the total amount of concrete used was more than 12000 m . The buildings

involving most construction work have been the gas, sodium and fuel na-

nipulation buildings. The finishing work is already underway in all the

buildings en the site involving a total building surface area of 530C0 m

In November 1983 the grid was placed inside the reactor tank.

Construction work has been completed OP. the neutron shield, re-

actor components vessel and reactor plug.

The manufacture of the non-fissile elements (630 elements) has

bf=~u:\, and the supply of the structural materials and of the boron car-

bide is underway. The production of the mechanical components has begun.

Furthermore the qualifications of the assembly operations have also com-

menced.
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2.2 Experimental Activity

The exoenmental progra.r.ne iir.kec to the PEC core project as well

as involving the hydraulic characterization cf the different tyses of

elements carried out on tne water circuit CEF, induces a series of

tests of tne prototypes in sodium, currently ur.derv.ay at tne Bras none

research centre.

Tne following tests have so far been carried out:

- m the "Espresso" apparatus: a fuel element and a reflector eler.ent

(30C0 h, 550°C and 40 shocks frcm 500°C to dO3°C);

- in the "Espresso" apparatus: a fuel elenent and a control roc (1000

550°C and -0 snocks from 500°C to dOO°C);

- in the "CEDI" apparatus: 2 fuel elements, - reflector elerer.\s ar.;

a control red (600 h, 550°C ana 30 shocks fron 600°C to <500°C).

Ali the shocks were carried out utilizing a tenperature profile

produced m static sodium. This profile was controllec using a series

of thermocouples so as to check i-.s equivalence with the real te~per3-

ture profile m the reactor. The thermal shock was produced oy mjectir.g

sociura at 400°C. In the Espresso and CEDI apparatuses, instantaneous rates

of respectively 300°C/s andl50°C/s were measured.

The analysis of the results obtained both during sodium testing

ar.d the post test measurements together with the destructive and non-de-

structive tests have basically confirmed for core elements the reliabil-

ity of the options cnosen for the design and -nanufacturing/tecnnological

processes involved.

Mention should be made in particular of:

- the efficient functioning and the reliability of the foot-housing

coupling both hydraulically and mechanically; after having withdrawn

the models from their housings several tines and after up to 3000 hours

of operation in sodium at a flow rate about 10" higher tnan the nominal

one, no defects were found which could be attributed to tne phenorera
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42 of corrosion and erosion, sticking or srizing. In particular, the forces

measured upon repeatedly withdrawing the models were found to be or.ly

slightly higher than the weight of the models themselves but were always

compatible with the features of the load and unload machine of the

PEC Reactor (FrJ3000 N).

- During sodium testing the models proved to have a correct hydraulic

functioning, no variation being observed in the inlet flow rate or in

the leakage flow rate through the lower labyrinths.

- The time in sodium does not significantly alter the dimensional char-

acteristics of the models, except for an appreciable variation of

straightness and a slight reduction of length. The models bend, especial-

ly in the area around the cold-worked hexagonal tube, until the eccentric-

ity of the head sections - relative to the sphere axis - reaches maximum

values of about 3 mm.

- Forcing of the groups of seven elements is essentially unaltered

during the permanence in sodium. In particular, the forces measured at

the pads do not undergo any significant change.

- The comparison between measurements taken after 200 hours + 2 shocks

and those taken after 3000 hours + 40 shocks shows that almost all de-

formations in the models occur as early as 200 hours of immersion in

hot sodium and after a very low number of shocks. This pattern was

observed in the 1st as well as in the 2nd Espresso test run.

As far as the earthquake verifications are concerned, as well

as the core tests, excitation tests have been performed on a full-scale

model of the PEC shut-down system. The model was simultaneously excited

at the level of the grid, core head, hold-down system and plug. Fig. 3

shows the desired calculated time-dependent behaviour of the relative

core-grid displacement together with that really applied in the test.

The system successfully underwent the 5 OBE (OBE-Operation basis earth-

quake) and the SSE provided for by the norm.

difftrtnza dei «cduli cwali 2 - 4 step lev«! - *

-3.626

713.3 - Ti.Tie—ieper.den: behaviour of the SSE excitation in the

tests on the PEC shut-down mechanism. Relative displace-

ment of the upper pads of the control rod guide elements

and the support grid (values desired by calculation and

experimental values).

Finally, earthquake tests are underway on site. Already carried

out on the tank with a mechanical vibration generator at the heights

of the grid and the working level, tests 'are underway on the reactor

building with a mechanical vibration generator and with excitation of

the reactor building foundations by means of hydraulic jack.i. The tests

on the vessel, without the core, have shown a first natural frequency

of 7 Hz only slightly less than that calculated. The building shaved

maximum response peaks at a frequency between 14 and 15 Hz (flexion

deformation) and lower peaks in the range 9-12 Hz. First results of

numerical analysis using finite elements seem to indicate good agreement

between theory and experiment.

During 1983 the third explosive test was carried out at CCR-ISPRA

on a 1:6 scaled-down model of the vessel. An energy of 200 MJ was simu-

lated by a low density explosive. The most interesting results concern

Che emergency circuit which did not sustain sufficient damage to hinder
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its operation. The residual deformation was uniformly distributed along

the vessel with maximun values of 4% in the upper part.

At the Brasimone centre, the verification tests of the correct

operation of the pumps in sodium and the test channel cooling circuit

with the CPC-1 apparatus have been completed. Tests have also been made

to simulate all the transfer cell equipment and relevant operating pro-

cedures.

Experimental activity has also been in progress at the Casaccia

research centre where tests on the most important mechanisms, including

the reactor shut-down mechanism, core hold-down mechanism and core ele-

ment loading machine are carried out on the IPM apparatus. Tests on

parts of the test channel are carried out on the CPC-2 apparatus. The

"first phase" tests have been completed on all these components, fur-

nishing results taken into account in the final design. In particular

during 1983 the first phase of the tests of the core hold-down mechanism

in sodium have been completed. In the PEC reactor there are 12 such

mechanisms anchored by means of the thermal shields to the reactor tank;

the hold-down arm is raised during reactor shut-down to allow manipula-

tion of the elements, and is lowered during operation. As well as pre-

venting the fuel elements in the core jumping out in the case of an

accidental hydrodynaraic disequilibrium, the function of these mechanisms

is also to serve as a support for the core instrumentation. At the end

of the test in sodium the mechanism has been decontaminated of sodium

traces in a special plant specifically designed for the purpose, dis-

mantled down to its main components and submitted to post-test controls.

The results both of the test and the subsequent controls after disman-

tling have provided encouraging data concerning the behaviour of the

mechanism in sodium and under thermal shock. The most important indica-

tion derived from the tests has been that the surfaces in contact in

the moving mechanical parts should not vary during operation so that

the specific applied loads do not change.

2.1 Start-up and Experimental Exploitation of PEC

For the neutronic characterization of the core, a certain number

of special elements are present at start-up. These are fuel elenents

which have had the seven central pins removed, and inserted in place

a tube containing activation detectors of different materials placed

at various heights of interest. So as to find out the required number

of such special elements a preliminary programme of start-up tests has

been defined. Two of these tests have been investigated with greater

detail. The first deals with the determination of the radial and axial

distribution of reaction rates in the core which characterizes the num-

ber and positions of the above-mentioned special elements. The second

deals with the approach towards criticality and is linked to the veri-

fication of the ability of the neutron flux detectors outside the tank

walls to follow the fuel loading sequence.

As far as the experimental exploitation of PEC is concerned,

the central channel, mechanically and hydraulically independent of the

rest of the reactor block, provides the main experimental possibilities.

The channel allows experiments on the optimisation of fuel element per-

formance to be carried out, together with the study of fuel element

operation under nominal and perturbed conditions. Such experiments are

indispensable if the feasibility of a reliable and safe fuel element

is to be demonstrated. To this end possibilities of the use of the

channel are:

- a parametric study on factors that limit the life of a fuel element;

- studies on the effect of power and coolant flow transients, separa-

tely, or in combination;

- a steady-state and transient study of perturbed coolant flow due to

a partial obstruction inside the fuel element;

- a study of the formation and evolution of ruptures in the cladding

and of their propagation;



44 - a study of design and advanced technology solutions which, because

of their inevitable inherent uncertainty, would not be acceptable in

the driver even of an experimental reactor.

Apart from the central channel the reactor driver offers ample

means to experiment with geometric, thermohydraulic and neutronic condi-

tions representative of thosd in a power reactor.

In fact statistical-type experiments are possible in the whole

driver zone related to important aspects of the core design:

- qualification of project and optimised technological solutions;

- qualification of new fuel and structural materials;

- analysis of the effects of power transients;

- analysis of the effects of power and flow cycles that simulate the

variation of the network load that power reactors have to follow.

Finally the possibility exists of transferring pre-irradiated

test elements from the driver zone or from other reactors to the central

channel allowing a large flexibility in the use of PEC.

The characteristic parameters of the first PEC experimental

channel are as follows:

- nominal temperature of inlet sodium

- nominal maximum temperature of the outlet sodium

from the experimental element (E.E.)

- nominal maximum temperature in the return side of

the central channel circuit

- maximum diameter of the E.E.

- maximum number of PEC or PHENIX-type pins

- maximum number of SPX-1-type pins

- no limitation on the maximum total height of the E.E.

- maximum neutron flux

- maximum power of the E.E.

370°C + 450°C

650cC

600°C

116 mm

91

61

4,0x10 "' n/cm s

3 MW

from 100% to 125% in 20 s

30%

1.5%/s

- experimental transients on the E.E.:

• maximum power gradient with respect to

nominal power

• amplitude of flow variation

• flow gradient

- power fluctuations:

• simple fluctuations between 60% and 100%

of the nominal power

• rapid fluctuations of - 10% superimposed

on the simple fluctuations

3. POWER REACTOR SUPERPHENIX-1

As noted, Italian industry has a 33% stake in the SPX-1 plant near-

ing completion at Creys Malville. In particular NOVATOME and MIRA are

responsible as turnkey suppliers of the NSSS.

With these precincts, all the components having already been in-

stalled, during 1983 all the assembly was completed, as were nearly all

the cold tests relative to the systems for which Italy is responsible.

The start-up of the plant is currently underway under the respon-

sibility of a joint team at the Creys-Malville site; to this purpose

the detailed test programmes concerning the next phases of sodium charg-

ing, temperature increase and start-up have already been drawn-up.

We mention among the activities of the Italian component suppli-

ers:

- the strength tests on the dome which has withstood an excess pressure

of 0,5 bar in a volume of around 8000 m

During the test the behaviour of the plating and of the top part of the

dome was followed by means of complex instrumentation including among

other things a large number of strain guages connected to collecting

and processing equipment.
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This instrumentation allowed the actual forces present to be measured

with an accuracy that shewed differences of only a few % from calculated

results.

- The completion of the operating tests in air of the fuel element

transfer mechanisms.

- The operating tests for the driving systems of the primary pumps,

consisting of four groups of 5000 kW each supplied by 6.6 k1.'.

- The completion of the preliminary tests of insertion in sodium of the

intermediate exchangers.

- Execution of the tests of all the auxiliary circuits in fluid.

•4. RESEARCH. DEVELOPMENT AND INDUSTRIAL PROMOTION

As previously discussed, these activities are mainly carried out

in the framework of the following agreements:

- associate contract between ENEA and NIRA for activities related to

NSSS.

- associate contract between ENEA and AGI? dealing with the core ele-

ments.

- agreement between ENEA and CEA for the R and D programmes.

4.1 Reactor System and Sodium Components

The activities carried out in this field can be divided either

into activities of a general/fundamental nature, or activities concerned

with SPX-1, or finally activities to develop components as reference

solutions or options for a possible future adoption in SPX-2.

Activities of a General Nature

The Italian participation in the experimental activity nn the

ESMERALDA plant at Cadarache has continued. This concerns the study of

large sodium fires and their consequences. In December 1983 a signifi-

cant experiment involving a mass of 5000 kg. of sodium at an initial
2

temperature of 540°C was carried out. The surface of the fire was 50 m

and the length of combustion 210 minutes. The maximum temperature reached

by the sodium was 816°C, that reached by the gas was 337°C and the ex-

cess pressure reached was 710 nbar.

The prototype straight tube steam generator PGV-1, having been

tested for around 5000 hours at the power station at Les Renardieres,

was disassembled and its component parts examined. This examination

brought forth the following conclusions. A rotation of the tube bundle

of 1.7 mm was observed and it was thought that this deformation was

caused by shrinkage of the seal welds sf the shell. In addition a.con-

siderable embrittlement of the tube sheet was seen; this was attributed

to be a feature of the supply rather than being caused by alterations

during the operation in sodium in PGV-1. The high impact values obtained

during acceptance testing of the sheets might be explained by the fact

that the test specimens were taken in preferential zones of the tube

sheets (external areas having a high reduction ratio). By means of a

stratigraphic inspection a radial crack of about 0.3 mm length near a

zirconium inclusion was observed. This zirconium comes fron the grinder

used for"final finishing of the tube-sheet holes. Finally internal ero-

sion on the steam side was observed in 25% of the welds, with an average

depth of 0,2 mm. This erosion was randomly spread and not concentrated

in any particular area. It is believed that it is caused by tne presence

of water drops in the steam. Further tests will be made to verify this

hypothesis.

In the sphere of the EHEA-CEA agreement, the activity of devel-

opment, validation and application of computer codes for use in various

areas of the core design was pursued. These areas include: evaluation

of the leakage flow rate from the core and validation of the Tersicore
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of noise methodologies; participation in the development of core sur-

veillance systems; participation in the Joint Evaluated File of nuclear

data; participation in the Racine experiment; participation in carrying

out and interpreting the last tests on Rapsodie.

Activities concerned with SPX-1

An experimental programme of study of sodium-water reaction using

a test section representing part of the tube bundle of a steam genera-

tor is underway at the Brasimone research centre (the THETRA programme).

The experimental programme deals with intermediate magnitude «/ater leaks

of around 3C0 g/s at 350°C and 134 bar into a cooled tube bu.-.dle car-

rying a flow of sodium. The object of the test programme is to measure

the temperature regime produced on the tube walls due to the high ther-

mal flux from the sodium-water reaction. The coefficients of heat ex-

change between the products of the reaction and the tubes themselves

may then be determined and the resistance of the components to the phe-

nomena of superheating may be demonstrated. The final objective lies

in the demonstration of the validity of the guillotine rupture hypothe-

sis for a single tube as a reference accident of the project. During

1983 the activity was concentrated on the preparation of the first ex-

periment - THETRA - which was carried out in July, and on the prepara-

tion of the second experiment which will take place in a few months

time.

Post-operation examination of the test section Pivotene was

carried out during 1983. This represents the rotating parts of the pri-

mary pump* of the SPX-1 reactor and in particular includes the complete

bearing system and the sliding seals in the upper part of a shaft in

full-scale, and the hydrostatic bearing in the lower part.

After a particulary demanding test programme for the components,

the series of experiments concluded at the end of 1982. This programme

involved 300 starts and stops and simulations of basic earthquakes and

also of stronger ones. In particular the post-cperational examinations

concerned dimensional surveys of the straightness of the shaft and a

careful examination of the seal system and of the hydrostatic bearings.

This investigation did not bring to light any abnormality apart from

some abrasion between the rotating and fixed part'» of the hydrostatic

bearing, that occured during an experiment in which the critical veloc-

ity was attained.

Activities concerned with SPX-2

During 1983 studies on the reactor project SPX-2 continued. The

studies are predominantly run by NOVATOME, with the participation of

NIP.A, which has carried out, among other things, analyses of the earth-

quake behaviour of important sub-systems of the reactor. In particular

the influence of different core designs on the dynamic behaviour of the

reactor block has been studied, together with the definition of a reac-

tor building capable of resisting a medium-large earthquake in the ab-

sence of anti-earthquake support so as to reduce costs.

As far as component development is concerned we may note the following

activities:

- preliminary studies on the lay-out of a modular steam generation sys-

tem have been carried out. Each module of 225 MW has straight tubes

due to i'ür.t-tional necessities and less encumbrance. Feasibility studies

have also been carried out on a large straight tube steam generator

of 900 MW.

- the study on the sodium-air heat evhangers for cooling the reactor

during shut-down has concluded. A preliminary design has resulted with

two competing 23 MWt hot-air circulator concepts one of which is a new
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idea with vertical pipes.

- as compared with the classic solution of the bolted grid as adopted

in SPX-1, an alternative design has been studied consisting of a total-

ly welded grid. A test section has been planned with the objective of

verifying the feasibility of this solution. Furthermore technological

tests have been carried out on the feasibility of new kinds of foot

housing and on the implementation of hard facing deposits adopting var-

ious techniques, cross-checked between each other.

- the preliminary verifications on the new fixed-floor concept working

at a temperature (T~1OO°C) with a support structure of reinforced con-

crete have concluded. This promising solution, proposed for SPX-2, is

a variant on the solution adopted for SPX-1 wnere the sole stainless

steel structure has to support the loads.

- a feasibility study on a very compact secondary pump was carried out

which uses a new impeller-

- a feasibility study of large diameter pipe bends and on a new type of elas-

tic pipe support.

4.2 Core Elements

There has been a marked increase in the last twelve months in

the effort expended by ENEA and by industry on the project and in par-

ticular on the technological tests and manufacture processes of the PEC

elements. In the manufacturing sector an important result has been

achieved with the completion and trial of the production lines of the

non-fissile elements and of•the PEC control rods. Besides the activity

in support of the design and manufacture of the PEC core elements, sub-

stantial effort has been directed towards the research, development

and industrial promotion of core elements of fast reactor power sta-

tions.

The research and development conducted in the framework of the

ENEA-CEA agreement has continued along the lines laid down in the last

few years and has chiefly been concerned with:

- the study and modelling of the thermal and irechanical behaviour of

the fuel under nominal and perturbed conditions;

- the study and modelling of the behaviour of fuel pins under fracture;

- up-dating and validation of the project codes used on fuel pins and

bundles in order to better take into account phenomena deriving from

neutronic damage;

- development and qualification of cladding materials that have to sus-

stain dose levels present in fast power reactors.

In the sphere of industrial promotion, a substantial effort has

been expended on the creation of a complete organisation involving

EHEA, AGIP and the manufacturers, able to produce and qualify cladding

materials according to PEC and SPX specifications.

Worthy of note has been the agreement drawn up between EHEA and

CEA for the common management of the plant for the manufacture of urani-

um and plutonium mixed oxide fuel elements at Cadarache jnd for the

joint guidance of research and development activities related to pro-

duction processes. This decision represents a step forward in the di-

rection of international collaboration on fuel cycle processes.
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STATUS OF FAST BREEDER REACTOR DEVELOPMENT
IN THE UNITED STATES OF AMERICA - April 1984

K.E. HORTON s

United States Department of Energy,
Washington, D.C.,
United States of America

1. INTRODUCTION

The economy of the United States is increasingly being based on the use of

electricity. One-third of domestic energy consumption is now used to produce

electricity; up 25 percent from just a decade ago. Additional electrical

capacity will be needed to meet continued growth in demand, plus replacement

of physical and economic obsolescence of existing generation capacity.

Nuclear power and coal plants will continue to play a key role in assuring

that future electrical demands are met. Current nuclear capacity, in the

form of light water reactors (LWR), already provides about 13 percent of our

domestic electricity. However, the next generation nuclear technology—the

breeder reactor—promises to expand this role because of its advantage in

resource conservation, its potential for economic competitiveness, and its

potential inherent safety advantages. The breeder reactor is recognized by

many advanced nuclear nations as the most promising inexhaustible source of

energy that could be available around the turn of the century, and all are

actively pursuing its development as exemplified by presence at this meeting.

In order to achieve that potential for the United States, the goal of the

Department of Energy (DOE) breeder R&D program is to develop the technology

for an inherently safe, reliable, and marketable breeder that is competitive

with energy sources to support commercial introduction by the private sector

early in the next century.

The amount of energy that can be extracted by the breeder frcm nresently

available material that would otherwise go untapped is enormous. From uranium

enrichment plant byproducts that have already been mined, processed, and

stockpiled near Federal fuel processing facilities, the breeder can obtain

some 11,000 quads of energy, which is more than 140 times the total annual

U.S. energy consumption and more than the known U.S. coal reserves. In

addition, there is enough fissionable ore remaining in the ground to last for

thousands of years.

Because the breeder reactor requires only a small annual quantity of uranium

compared to conventional light water reactors (about 1/100), its economics are

relatively insensitive to uranium price and are controlled primarily by plant

capital cost. The price of power from breeder reactors will, therefore, be

uncoupled from price fluctuations in fuel cost that have impacted other energy

sources. In addition, unlike conventional reactors, the breeder can also make

effective use of low-grade ores, thus assuring a virtually inexhaustible

source of electrical energy.

The Reagan Administration fully supports nuclear power as an imperative, not

an option, for assuring reliable and adequate electricity supply in the

United States and the rest of the world. The goal of the Department's nuclear

enery program is to provide a safe and economic source of electrical energy

in the near term and to help ensure reliable sources of the energy needed for

long-ten^ economic development and national security. In the next 5 to 10
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50 years, the Department's Nuclear Energy programs will provide the technical

base to support industry's efforts to revitalize the development of nuclear

power as an economic and environmentally acceptable source of baseload

electric power.

The Federal role in breeder development has been restructured during the past

year to focus on resolving those technology issues that are key to improved

breeder economics and predictable, safe performance, and on resolving the

technological and economic uncertainties which are a prerequisite for the

private sector to demonstrate and deploy the breeder. The revised breeder RSD

program will be fully consistent with our national emrgy R4D policy in that

there will be no Federally funded demonstration project. The responsibility

for demonstrating breeder reactor technology will now rest with the private

sector, including definition of project scope, timing, funding arrangements,

and management.

During the past year, both the Experimental Breeder Reactor-II (EBR-II) and

the Fast Flux Test Facility (FFTF) demonstrated continued excellent performance.

The EBR-II plant has operated over twenty years, achieving a plant capacity

factor of 72 percent over the past five years, even with frequent planned

outages required to fulfill its experimental mission. The FFTF completed a

highly successful year of operation in 1983 with a 56.9 percent capacity

factor and two operational cycles of over 100 days operation. The oxide fuel

attained the goal burnup of 81,000 HWd/HT demonstrating capability for 1 year

of reactor operation. Driver fuel performance was flawless during the three

operational cycles.

During 1983 the Congress of the United States failed to appropriate funds

for the Clinch River Breeder Reactor Plant (CRBRP) Project, thus causing

termination of the project. It is important to recognize that even though the

CRBRP will not be built, the United States probably received 30 to 40 percent

of the value out of the project. Haximum program benefit will be gleaned

from the experience to date in the development of the CRBRP. The experience

gained in the design, component testing, licensing, and analysis from the

CRBRP project will be codified, carefully documented, and used in the U.S.

breeder program and as a medium for data exchange with other nations.

The Large Scale Prototype Breeder (LSPB) program has been a joint effort

of the U.S. Government and private industry to develop a large scale proto-

typical breeder demonstration plant. Private industry was to be responsible

for the construction of the plant with the Government aiding industry in the

responsibility for the first of a kind plant costs. The plant was to have

been the logical follow-on to the CRBRP project as a full-scale demonstration

plant.

It is now clear that the responsibility for future demonstration plants will

lie with the private sector. Therefore, the Government sponsored design

efforts on a large scale prototype breeder plant will be phased down in an

orderly manner. The LSPB design will be maintained as a frame of reference

for benchmarking advanced concepts developed under the base program.

The Department of Energy will be embarking on a program to conduct

competitive design studies. The Department believes that the successful

conduct of such studies will stimulate commercial development of a



marketable liquid metal fast breeder reactor, acceptable to the public

and to the customer. Such studies will act as a bridge between the base

research and development program and industry, by identifying practical

research and development needs to DOE, while DOE, in turn, will conduct its

proper role of developing technology in high risk areas which will support

efforts by industry to commercialize the LHFBR.

A competitive approach has been chosen to encourage the needed innovation.

It appears, based on work to date, that this is a very fruitful approach and

will produce more rapid achievement of low cost and inherently safe designs.

This, in turn, promotes efficient use of taxpayer dollars while taking the

Government out of the business of controlling and selecting the design to be

eventually commercialized. Rather, the winners of the contracts will be

required to determine, on their own, what the needs of the marketplace are

and tailor their designs to meet those needs.

Successful bidders will be evaluated on an annual basis in the areas of

reduced cost, increased safety, technical performance, and marketability.

Such annual assessments will result in adjustments of contracts as necessary.

The Breeder Technology program continues to produce viable information on

fuel performance, nuclear systems technology, and power conversion technology.

The unique testing capabilities design into the FFTF have resulted in well-

validated materials and fuels irradition information that has confirmed

and extended previous data bases. Current directions for the research and

development program are to improve the technology for power conversion systems,

components, instrumentation, and materials technology to the point where cost

reduction and reliability potentials are realized.

Operation of the breeder test facility complex at the Hanford Engineering

Development Laboratory (HEDL), the Energy Technology Engineering Center

(ETEC), and the Argonne national Laboratory (AHL) continues to provide the

experience base and test capability for the breeder R&D effort.

International cooperation will be even more important in the future than in

the past for several reasons. Significant new investments still have to be

made in breeder RSD to improve designs, achieve economic competitiveness

and to develop practical breeder fuel cycle capabilities. Progress can be

accelerated, redundancies avoided, and economies achieved If nations coordinate

their programs, and where possible, divide up the work. In addition, there

is clear mutual benefit in encouraging the countries involved in breeder

development to harmonize standards and regulations related to safety. It is

also important that the advanced nations work together closely in assuring

that adequate international safeguards, export controls, and national physical

security measures keep pace with breeder reactor and fuel cycle developments.

2. PLANT PROJECTS

Current USDOE Plant projects include the Experimental Breeder Reactor-11

(EBR-I1) and the Fast Flux Test Facility (FFTF). The EBR-II continued

operating successfully in its nineteenth .year of routine operation. The

FFTF completed its third cycle of operation, reaching goal burnup for the

initial fuel loading without a single fuel failure. Termination occurred

on the Clinch River Breeder Reactor Project (CRBR) when funds were not

appropriated in FY 1984. Termination activities are underway. Similarly,

Government sponsored design efforts on a Large Scale Prototype Breeder are
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52 being phased down in an orderly manner as the Government withdraws from the

arena of demonstration plants.

2.1 Experimental Breeder Reactor-II

The EBR-II is a 62.5 HWt (20 HWe) sodium-cooled pool-type fast reactor.

EBR-1I operates as a complete powerplant, generating electricity while

providing information and experience concerning liquid sodium cooled plant

operation, maintenance and component performance. It will continue steady-

state irradiations of fuels and materials at a reduced level and supplementary

to FFTF. The reactor is deployed to conduct an operational reliability test

program covering sustained operation of breached fuel elements, transient

overpower and undercooled testing of intact and breached fuel , and shutdown

heat removal testing. During routine operation since 1965, EBR-II has

generated 223,513 MWd of energy corresponding to a 55,9 percent Plant Capacity.

In 1983, the EBR-II generated 13,677 MWd of energy corresponding to a 64.5

percent Plant Capacity, off somewhat from the 72 percent average over the past

five years. Current metal fuels are routinely discharged at 8.5 percent

burnup, although the limit exceeds 10 percent. A limited number of elements

have attained 18.5 percent burnup. New elements with a minor design change

are expected to reach about 14 percent burnup.

2.2 Fast flux Test Facility

The FFTF is a 400 MWt sodium cooled reactor designed specifically for

irradiation testing of nuclear reactor fuels and materials for fast breeder

reactors (Figure 2.1). FFTF is a testing reactor and is not designed to breed

fuel or to produce electricity. The reactor is shown in Figure 2.2. It

provides Vital information for plant design and base-technology programs in

the areas of plant system and component design, component fabrication, and

prototype testing. In addition, FFTF provides experience in the operation

and maintenance of a reactor plant having coolant loops and components at

temperatures and coolant velocities typical of LHFBR powerplants. This

experience, combined with the operating and maintenance experience from other

test facilities, provides a proven baseline for scaling of systems and

components. FFTF is being used to test fuel elements up to failure under

dynamic sodium flow conditions to establish ultimate capability and failure

modes. Understanding of failure modes is essential to establish reactor core

reliability, performance, and maximum life. It is also used in tests to

develop the advanced fuels and the advanced cladding and duct materials

essential to attaining long lifetime, high performance LMFER core components.

The FFTF completed three full cycles of operation in late calendar year

1983; the reactor was operated for a nominal 100 days during each cycle.

FFTF technical parameters are listed in Table 2.1.

The first cycle began April 1982 as shown in Figure 2.3. All systems operated

as expected until the fuel failure monitoring system detected a small fission

gas leak. The subsequent gas tag analysis identified the faulty element (an

experiment) and reactor operation continued uninterrupted. During the recovery

from a subsequent scram, several primary pump problems arose which took

several months to resolve. After the pumps were returned to service, the

plant operated at full power for 53 consecutive days, surpassing the previous

U.S. record for an LHFBR. The cycle ended in November 1983. Cycle parameters

are listed in Table 2.2.



Cycle 2 operation was initiated in January 1983. Full-power operation followed

several planned holds at various power levels to allow restructuring of fuel.

During the initial power ascent, two phenomena were observed: 1) a power

fluctuation of approximately 0.7 percent and 2) a number of experimental tag

gas releases from a materials experiment which were detected by the fission

gas monitoring system. Both these phenomena continued throughout Cycle 2 but

did not impact overall plant operation. In later diagnostic tests the power

fluctuations were determined to be caused by an experimental control rod.

Cycle 3 operation, the most successful to date, began in July 2983. The

plant operated at full power for 56 days when one of the dump heat exchangers

had to be isolated due to a fan trip, causing a power reduction to 91 percent.

Later a second module was isolated, again due to a fan problem. The power

was reduced to 5 percent to recover the isolated modules and then the plant

returned to full power. Shutdown was initiated in October after over 100 days

of uninterrupted nuclear operation.

The FFTF is currently in Cycle 4, having returned to operation in January

1984.

The performance of the current fuel subsystem is especially noteworthy.

The design goal burnup is 80,000 megawatt days per tonne of fuel and several

of the driver fuel assemblies exceeded this design goal by the end of the

third cycle. This performance without a single fuel pin failure demonstrates

fuel capability and shows that the design margins were in fact conservative.

Operation of the plant during the first three cycles has confirmed that the

nuclear characteristics are well within design predictions with all parameters

remaining inside the operating envelope defined by the technical specifications.

Temperature and power coefficients have remained substantially negative as the

core burnup reaches an equilibrium value. Stability margins are large and

reproducible. Figures 2.4 and 2.5 provide reactor performance and fuel burnup

achievements of FFTF compared with its counterparts throughout the world.

Physics parameters measured during the startup and initial operations have

always been close to predicted values. For example, during the Cycle 4

startup, the secondary rod bank height at criticality was 13.1 inches vs. a

predicted 12.8 inches (maximum heigh - 36 inches). These data generally

indicate sufficient reactivity to complete an operating cycle of 110-112

EFPD.

Operation through the first three cycles has demonstrated a very constant

intermediate heat exchanger thermal performance of approximately

7530 W/m2 - °C (1325 BTU/HR-Ft2 - °F) with little variation between

the three units (approximately 3 percent). Dump heat exchanger thermal

performance has also been constant with little variation between units.

Pump hydraulic performance is checked quarterly by comparing measured operating

characteristics (pump speed, flow and head) to the original pump curve. No

significant changes or variations between pumps have been noted. Pump coast-

down times are also measured periodically and no significant changes have been

noted.

No difficulties have been encountered in the operation of the sodium

purification systems. Tests of impurity source rates, by isolation of the

cold traps during power operation, have demonstrated that sources are much
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54 lower than expected in the secondaries and are comparable to design in the

primary. The measured sodium impurity sources are 30 g/day in the primary

and 0.9 g/day in each secondary, versus an expected 20 g/day and 10 g/day

respectively.

Three in-vessel handling machines are used to transfer core components from

core positions to in-vessel storage positions or to one of the three fuel

transfer ports. Considerable effort was expended during the installation and

initial operation of these units to achieve dependable operation. Since

start of fuel loading in 1979, the three machines have performed all required

tasks without significant maintenance.

The nine control rod drive mechanisms have given five years of service with

only limited maintenance. There has been no detectable change in performance

with service time. Early in life two of the units experienced bellows leak-

age—most likely faulty at time of installation. These leaks caused the

position indication rods to bind from sodium oxide formation. These units

were replaced and there have been no further problems of consequence.

The instrument trees provide temperatures and sodium flow rates from the

discharge of each individual core component. They must be rotated away from

the core during refueling. Two of the units have been trouble-free. The

third unit, however, has experienced high rotating torque possibly due to

sodium frost formation in the superstructure. The torque to rotate seems

to have stabilized for the past two years and no further impact on operation

is expected.

Operation of the FFTF to date has resulted in significant insights into plant

operating techniques. The capacity factor has increased steadily since

initial criticality, due in large measure to lessons learned in how to manage

scheduled outages. The plant has proved to be easily maintained; the time

required for routine maintenance operations has been steadily reduced; refuel-

ing operations and the loading of experiments have become efficient; in-service

inspections have been done more efficiently and in less time; and the total

planning and scheduling process has been refined.

2.3 Clinch River Breeder Reactor Project

There were no funds appropriated to continue the CP.BRP in FY 1984. Therefore,

in November 1983, the parties involved in the project—the DOE, Tennessee

Valley Authority (TVA), Commonwealth Edison, Project Management Corporation

(PMC), and Breeder Reactor Corporation (BRC)—agreed to terminate the CRBRP

project. The agreement was formalized when the last signature to the four

party termination agreement was obtained in December 1983. The DOE has lead

responsibility for managing the termination of the CRBRP project.

Prior to termination the project had accomplished the following:

o Completed 91 percent of the plant design.

o Completed about 8,983 architect-engineering drawings of the total required

number of about 9,633 drawings.

o Placed procurement contracts for approximately 5770,000,000 of hardware,

of which $418,000,000 had been manufactured.



o Contributed to the advancement of the worldwide state-of-the-art in

LMFBR plants with developments such as the heterogeneous core.

o Continuously evaluated and updated the plant design to remain current

with changing regulatory requirements.

o Completed more than 90 percent of the site preparation.

o The Nuclear Regulatory Commission (NRC) had issued the Final Environmental

Statement Supplement and Site Suitability Report, which concluded that the

site was suitable and that the action called for under the National Environ-

mental Policy Act was the issurance of a construction permit.

o The NRC had issued a limited work authorization.

o The NRC had issued the Safety Evaluation Report and Supplements, which

concluded that the CRBRP can be constructed safely and reliably and that

the design and site satisfied applicable NRC regulations.

o The Advisory Committee on Reactor Safeguards completed its review of the

CRBRP and recommended that a construction permit be issued.

o The NRC Atomic Safety and Licensing Board completed evidentiary hearings

concerning the safety and environmental acceptability of the CRBRP.

In FY 1984 termination activities will be conducted. Tiese include the

termination and relocation of project personnel; termination of contracts

and subcontracts; site redress work; settlement of terminated subcontracts;

settlement of the Technology for Energy Corporation prime contract

(Probabilistic Risk Assessment); documentation of certain completed work;

completion of selected computer verification efforts that were approaching

completion when the project was terminated; arranging for retention and

appropriate availability of scientific and technic.il information generated

under the project; storage, maintenance, relocation of CRBRP components,

equipment, materials, etc., for use within the LMFBR program and other

Government programs, as appropriate; and disposition of inventories not of

interest to the LMFBR program.

2.4 Large Scale Prototype Breeder

The LSPB conceptual design effort advanced U.S. LMFBR concepts from the

intermediate-scale CRBRP; incorporated new and innovative LMFBR concepts;

provided a focus for the base technology program; and resulted in a joint

Government/utility effort to develop LMFBR concepts.

LSPB design optimization and cost reduction activities significantly reduced

the estimated capital costs of a large LMFBR from $2,320/KWe in March 1981

(for a first replicate plant, 931 MWe net) to an FY 1984 estimate of $l,401/KWE

(for a first replicate plant, 1319 MWe net). The LSPB incorporates innovative

LMFBR design and safety features such as low pressure rectangular containment

building, improved and simplified decay heat removal system using natural

circulation, heterogeneous core, siphon breakers, compact piping layout,

multiplexing, and advanced construction techniques.

Further work on the LSPB will be deferred after PY 1984 in favor of competitive

development of LMFBR concepts that offer improved safety and cost advantages.

The potential of developing LMFBR's in smaller sizes will be explored. The
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56 LSPB design will serve as a cost and technical baseline for the competitive

studies; a vehicle for international LMFBR information exchange; a basis for

near-term licensing interaction with the NRC, and a future commercial breeder

design, if appropriate.

3. BREEDER TECHNOLOGY

This program provides the technology base for the private sector to be able to

construct and operate safe, reliable liquid metal fast breeder reactor plants

for supplying electricity to the grid. This includes the conduct of studies

of the technical features applicable to future private sector initiatives.

The program has been reoriented to place primary emphasis on achieving inherent

safety and economic competitiveness in future advanced concepts.

3.1 Power Conversion Technology

The primary objective of the power conversion technology program is to achieve

the state-of-knowledge in power conversion systems, components, instrumenta-

tion, and materials technology to the point where the technical and economic

advantages of these elements in a future liquid metal reactor power system are

captured and can be undertaken by the private sector. The power conversion

technology activities cover a range of power system sizes.

The primary goal is to assure that accident situations (including equipment

failures) will not threaten plant safety or impose economic losses beyond

normally incurred maintenance and replacement and that this safety margin

is accompanied by significant reductions in component costs. These cost

reductions are to be achieved through plant standardization, simplification,

elimination of excessive requirements, and application of new technology and

concept changes. Reductions center on steam generators, pumps, instrumentation

development, materials assessment, and systems studies. A major product of

systems studies is the identification of more cost-effective means to achieving

the legitimate objectives of codes, standards, quality assurance, and engineer-

ing practices.

The strategy has been to perform the necessary system studies, RSD, and

experiments that will (1) permit reliable and economic mechanical and direct

conversion element design, fabrication, and operation, (2) identify approaches

to minimize the effects of balance of plant problems on the nuclear portion of

the plant, and (3) verify the adequacy of the technology by testing critical

features, small models, and egineered development units.

To enhance the technological and economic attributes of power conversion

elements associated with high plant availability to a level from which the

private sector could continue development, significant advances must be made

in performance predictability and reliability of power conversion components.

Experience with liquid metal reactor powerplants in this country and abroad

(Fermi, PFR, Phenix, BN-350, and BN-600) has shown that failure of plant

components, most notably steam generators, is a major cause of plant unavail-

ability and economic losses to the consumer. Plant operational capability

has been seriously affected by component difficulties. These reliability

problems cause major economic consequences. The power conversion technology

development activities, including steam generator component and leak protec-

tion system development, support this requirement for improved performance

predictability and reliability.



The base program does not develop specific prototype elements for a plant

project; this is a task for the private sector. The base program does per-

form RSD and system studies on new concepts that will form the technology

base from which an industrial decision can be made. The program supports the

development of innovative new concepts, such as an advanced inducer pump

design, through the identification and resolution of critical technical prob-

lems with emphasis on cost-effective design changes, computer code prediction

of the behavior of the chosen materials in new configurations, environments,

and evaluation of the testing of integrated concepts as models or as test

units to verify successful performance prediction and problem resolution.

The R&D underway to support power conversion technology development includes

high temperature structural design methods, flow induced vibration analysis,

flow distribution testing and analysis, nixing and stratification testing and

analysis, subcomponent development and testing, fabrication process development,

inspection development, and procedure development. Efforts are required to

develop data on materials properties, including fabrication and environmental

effects, and the documentation of these data in a handbook form that will

serve as an authoritative source for use in the design and licensing processes.

The program also includes the development of a modified 9 Cr-1 Ho steel which

offers significant economic and engineering advantages over current reference

structural alloys. Design, fabrication, and testing of a model steam generator

made of this alloy is being considered. Specific attention is being given to

the application aspects of the program output in terms of cost-effective means

of achieving the fundamental objectives of the applicable codes, standards,

quality assurance, and engineering practices.

A major accomplishment has been the successful completion of sodium testing

of the hockey stick steam generator in both the recirculation and once-through

modes. This was conducted at the ETEC Sodium Components Test Installation.

Additionally, preparations continue for sodium testing the 70 HWt helical coil

model steam generator which was delivered to ETEC in August 1983. Fabrication

of the 70 MWt double wall tube model steam generator is proceeding smoothly

with delivery to ETEC scheduled for late 1985.

Sodium testing of the CRBRP 35,000 GPM pump was completed successfully. Water

testing of the 85.0U0 GPM two stage primary pump was successfully completed in

December 1983 and all pump system parts are being shipped to ETEC for future

use. The water testing exhibited excellent pump mechanical, hydraulic, and

dynamic performance and demonstrated successful operation of the solid state

motor speed controller, the largest of its kind for this application. Sodium

testing of the 85,000 GPM two stage primary pump and further development of

the 85,000 GPM intermediate pump will be deferred pending development of

advanced concept requirements.

3.2 Fuel Performance and Supply

The goals and objectives of the Fuel Performance and Supply program are based

on developing a competitive reliable breeder system. Their purpose is to

prove the performance of fuel, blanket, and absorber core components under

prototypic operating conditions; demonstrate safe, reliable, and licensable

core systems; extend the lifetime of core components that are economically

competitive to a minimum of 3 years; develop, establish, and demonstrate an

integrated fuel supply system; automate fuel fabrication to achieve competi-

tive fabrication costs, improve safeguards and reduce personnel exposure; and
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58 to transfer developed technology to Industry. All program activities focus

on safe, reliable, economically competitive performance, and reduced costs,

and are directed at reducing technological uncertainties important to further

commercialization/industrialization of competitive LMFBR's by the private

sector.

In the core components area, operation of the intial FFTF oxide fuel and

absorber systems continues to provide oxide performance data for assuring long

lifetime reliable fuel and core performance. Post irradiation examination of

selected driver fuel assemblies irradiated to one-third and two-thirds of goal

exposure has been completed, demonstrating excellent fuel capability at those

burnup levels. Results of these examinations are being combined with assembly

withdrawal load measurements to prove performance capability and margins of

the FFTF oxide fuel system. This fuel system, designed for 80,000 MWd/MT

(peak) passed the 100,000 MWd/MT level on March 31, 1984. Long term irradia-

tion of fuel, blankets and absorbers in FFTF utilizing improved low swelling

alloys (D9 and HT9) are continuing in order to extend the lifetime of the

reference fuel system and to qualify core components for long lifetime future

breeder plants. Irradiation of an FFTF test assembly with fuel fabricated to

relaxed specifications to achieve reduced costs for FFTF cores is underway.

Oxide blanket assembly test irradiations in FFTF utilizing prototypically

designed assemblies are also underway. Forty-nine assemblies are currently

undergoing irradiation in FFTF Cycle 4 as listed in Table 3.1.

A uniquely instrumented test device, the Materials Open Test Assembly or

H0TA, shown in Figure 3.1, is being used to irradiate test materials while

maintaining automatically controlled temperatures. Thirty in-core canisters

each contain 30 to 100 small metal specimens, including pressurized tubes

used for creep and creep-rupture tests. A tag gas system provides accurate

identification of in-reactor rupture of these specimens.

Additional instrumented assemblies in FFTF include a Fuel Open Test Assembly

(one was removed after three cycles of operation) and a Absorber Open Test

Assembly measuring gas pressure buildup and temperatures for the boron-carbide

absorber material. A Vibration Open Test Assembly was used to measure

vibrational and nuclear startup characteristics within the core and has been

removed after clearly demonstrating the lack of abnormal vibrations in the

core.

The development of carbide and metal fuels is proceeding, at a low level of

effort, because of the potential advantages for use in innovative core designs

which can exploit the special nuclear and physical characteristics of these

fuel types.

In the Fuel Supply area, activities will continue toward completing the Secure

Automated Fabrication (SAF) line. Procurement of equipment and its installation

in the Fuels and Materials Engineering Facility (FMEF) will continue. Upon

its completion and operation in the late 1980's, the SAF line will demonstrate

breeder fuel fabrication technology that can be deployed commercially by

industry.

3.3 Nuclear Systems Technology

The Nuclear Systems Technology program objective is to develop the technology

base, beyond the private sector capability, required for demonstrating advanced



reactor concepts which are economic, reliable, and inherently safe. The

disciplines of safety, physics, structures, thermal hydraulics, and reactor

core design are integrated into a single cohesive unit directed toward the

accomplishment of the program objective. The program will focus on demon-

strating experimentally the feasibility of advanced reactor concepts of varied

design, size, and fuel type that exhibit self-terminating capability under

failure conditions. All functions needed to assure nuclear safety under any

upset conditions are integrated into the nuclear systems. Demonstration of

inherently safe nuclear systems operations will relieve the balance of plant

requirements for safety grade structures and systems and enable the development

of a relible advanced technology that is competitve and compatible with user

needs and capability.

A new emphasis is focusing on accident prevention such as developmera of

concepts and technology that prevent core disruption rather than studying in

great detail what happens after a core meltdown. Studies on how best to use

the positive attributes of sodium coolant to remove decay heat are being

undertaken. Varied fuel types (metal, oxide, carbide) and fuel pin sizes will

be evaluated, as well as the effects of varied core designs on voiding,

temperature, and reactivity coefficients. Attributes supporting inherently

safe operation including axial fuel expansion, control rod expansion, grid

support plate expansion, and reactivity matching voiding incoherence will be

developed. To summarize, the integrated R&D activities will be focused on

providing the necessary test data, methods, and evaluations needed to establish

the performance and licensability of advanced designs which emphasize cost

reduction, inherent, self-terminating capability for failure sequences, and

the ability to compete with alternative energy sources.

The Nuclear Systems Technology program integrates tnose activities which

beneficially influence advanced concept designs by identifying and exploiting

plant characteristics that enhance inherently safe operation, reduce complexity,

and thereby reduce cost. Enhancement of LMFBR operational safety is a major

objective of the Nuclear Systems Technology program. The operational safety

of a reactor system (hardware, software, humans) must be beyond question if

private investment is to be realized. This can be achieved if the reactor

core and its associated structures and systems are designed to have a high

degree of reliability and inherent safety so that significant deviations from

normal operating conditions can be borne without physical damage, and so

that safe recovery from abnormal conditions is assured in all cases. The

reactor system that meets these criteria will be virtually invulnerable to

core damage, and its operational safety will be self-evident. Also, the

absence of credible core damage scenarios will assure protection of public

health and safety, an essential consideration in reactor licensing.

A major accomplishment was the completion of safety transient tests in TREAT

to demonstrate the inherent dispersal of molten fuel away from the core

mid-plane, thereby safely terminating the transients. Work will continue in

support of upgrading the TREAT reactor to provide the principal in-reactor

safety phenomena testing capabilities. Also, a viable program of integrated

system operational safety experiments will be conducted at the EBR-1I reactor

facility.

The Nuclear Systems Technology program will develop seismic design data,

methods, and criteria to provide users with means of optimizing safety and

economics of reactor systems. The overall strategy includes: (1) conducting
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specific RSD required for respective advanced design concepts, (2) establishing

and documenting the generic technology base for advanced plant design, and

(3) maximizing the use of information derived from foreign exchange agreements.

Major functions include the conduct of critical measurements on core

configurations of interest, the improvement and validation of the nuclear

data and design methods, and the application of available analysis methods

to advanced LMFBR concepts. Critical experiments are carried out at the ZPPR

facility in Idaho. The current program, ZPPR-13, consists of studies on

heterogeneous LMFBR cores assumed to be about 700 MWe with mixed U/Pu oxide

fuel. Emphasis has been on control rod worths and power distributions with a

variety of internal blanket configurations. Size, sodium voiding, and spatial

kinetics effects are also being addressed. Reactor physics code and method

development included validation of transport theory and three-dimensional

diffusion theory design methods for analyses of critical experiments, reactor

operating data, and advanced LMFBR's. Developmental work also continued on

nodal diffusion-theory and Monte Carlo codes. Reaction rate and burnup data

collected during the initial characterization program and Cycle 1 at the FFTF

are being used as a benchmark test of LMFBR analytical methods. Small power

fluctuations observed at the FFTF were investigated and proven to be due to an

advanced control rod being tested in FFTF prior to procurement for the

recently cancelled CRBRP.

3.4 Nuclear Fuel Cycle

The Nuclear Fuel Cycle Program activities focus on development of the LMFBR

fuel cycle technology with primary emphasis on breeder reprocessing. Also

associated with these efforts are those activities necessary to assure adequate

means exist to handle and ship irradiated breeder fuel.

This activity provides for development of remotely operable and maintainable

reprocessing equipment and systems, and technology related to breeder spent

fuel shipments. The more stringent requirements associated with reprocessing

and shipments of breeder fuels as compared to LWR fuels, including the higher

thermal and radiation burdens, higher fissile content, sodium contamination,

and more complex fuel assembly configuration, result in much more difficlt,

longer term, and higher risk research and development. The program focuses on

development of technology that will provide for reduced radiation exposure to

workers, increased environmental protection, increased reliability, enhanced

safeguards, and reduced costs. These efforts will maintain a level of expertise

in fuel cycle development and facilitate future closure of the breeder fuel

cycle as the need is identified.

Design, fabrication, and testing of advanced smaller size, higher throughput

equipment in the Integrated Equipment Test (IET) facility at Oak Ridge will

continue to evaluate performance and remote maintenance concepts. Specific

items to be tested include fuel disassembly and shear systems, a continuous

rotary dissolver, centrifugal contactors for solvent extration, and an

advanced servomanipulator needed for remote operations and maintenance. At

some later date, the equipment, components, and remote manipulators will be

tested in a small-scale reprocessing line in a representative radioactive

environment using fully irradiated FFTF spent fuel.



4. TEST FACILITIES

4.1 Hot Fuel Examination Facility (HFEF)

The HFEF is integral to the ANL-West EBR-II site and is comprised of two

adjacent hot cell complexes—HFEF north and HFEF south. The HFEF provides the

operational support to EBR-II for examining and reconstituting experimental

subassemblies irradiated in EBR-II for breeder reactor programs on fuels and

materials. HFEF is also being used for FFTF postirradiation examinations. In

addition, HFEF will continue to be used to assemble, disassemble, and examine

tests from TREAT.

4.2 Transient Reactor Test Facility (TREAT)

TREAT is an air-cooled, thermal, heterogeneous reactor at ANL-West which

is used to simulate postulated reactor transients and transient undercooling

events. Its was operated to evaluate the performance of multi-pin fuel

bundles under specific transient during 1983. The facility was then shut down

for TREAT upgrade construction activities to extend its capability to irradiate

larger multi-pin reactor fuel bundles and structural materials under conditions

more closely simulating various types of nuclear excursions and transient

overpower and undercooling situations.

4.3 Zero Power Plutonium Reactor (ZPPR)

ZPPR is the world's largest and most flexible critical facility. It was

used extensively in studies of the CRBR heterogeneous core configuration.

Benchmark and mockup experiments will be carried out at ZPPR during the 1980's

to guide and confirm the designs of cores which may incorporate such additional

features as heteroppneous configuration, advanced fuels, and high burnup

capabilities.

4.4 Energy Technology Engineering Center (ETEC)

The Energy Technology Engineering Center, located northwest of Los Angeles,

is the Breeder programs nonnuclear component testing center. Principal ETEC

facilities include: 1) the Sodium Components Test Installation (SCTI), a

70 MWt steam generator test facility; 2) the Sodium Pump Test Facility (SPTF),

used for prototype sodium pump testing; and 3) the Small Components Test Loop

(SCTL), used for sodium valve testing. Testing of the double suction prototype

pump in the SPTF is complete.

Testing in the SPTF of the two stage primary pump sodium test unit is being

deferred pending concepts and requirements needs. The prototype hockey stick

steam generator test program was completed in the SCTI in 1983. Preparations

for testing a 70 MWt helical coil steam generator test unit, which is to

follow the 117 MWt prototype hockey stick test unit, will be completed in

1985. This 70 MWt. unit has been delivered to ETEC. Effort', will continue

toward realizing innovative methods for economical long term steam generator

testing.

4.5 Fuel Storage Facility (FSF) and Maintenance and Storage Facility (MASF)

The Fuel Storage Facility, located adjacent to the FFTF at HEOL, is used to

store and remove decay heat from irradiated FFTF fuel and reactor experiments.

The Maintenance and Storage Facility, also located adjacent to the FFTF,

provides for sodium removal, decontamination, repair, storage, and staging of

large components for the FFTF and related breeder reactor program facilities.

4.6 Fuels and Materials Examination Facility (FMEF)

Construction of the FMEF, located at HEDL, will be completed in the summer

of 1984. FMEF is designed to accomodate the SAF line which will demonstrate
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62 an advanced manufacturing technology for plutonium oxide breeder redctor fuel

pins. This line will be the source of fuel for the FFTF. The SAF line will

utilize technology that focuses on improved safety features for plant operating

personnel, the public, and the environment. Equipment and process improvements

incorporated by the SAF line will yield significant gains in nuclear materials

safeguards, product quality, productivity, and cost. The SAF line provides

the key link between development and full-scale demonstration of technology

that will enable commercialization of LMFBR fuel fabrication on an economically

competitive basis in the future. Preconceptual designs have been completed

for a small-scale reprocessing line in FMEF. This line, the Breeder Reprocessing

Engineering Test (BRET) could be used to test the breeder fuel reprocessing

concepts developed at the Oak Ridge National Laboratory, using FFTf fuels.

5. INTERNATIONAL COOPERATION

International cooperation has been in an upward swing over the past several

years with a continued emphasis on expanded bilateral agreements. Our Federal

Government continues to aggresively pursue new avenues of cooperation in order

to produce economic benefit, maintain program momentum, and avoid expensive

duplication of work. These joint efforts will also encourage uniform or

compatible activities across the spectrum of analysis, design, construction,

operation, and safety.

5.1 US/Japan Bilateral Activities

The United States and Japan (as represented by the Power Reactor and Nuclear

Fuel Development Corporation (PNC)) signed an agreement for cooperation in the

area of LMFBRs in 1969. This "umbrella" agreement was renewed in 1979, and it

calls for cooperation in all technology areas of the LMFBR and its fuel cycle.

During the past 12 months three new specific agreements were executed under

the aegis of the umbrella agreement. Specifically, these new agreements were

for:

(1) Nuclear Fuel Criticality Data Development

(2) A Common Approach to LMFBR Safety Criteria

(3) CRBRP/MOHJU Cooperation

The total number of such specific agreements we now have active with PNC is

eight.

In view of the interests of the membership of the IWGFR it 1s perhaps worthwhile

to dwell a moment on the CRBRP/MONJU agreement. This long-term agreement to

cooperate on the design, construction, fabrication, and operation of the CRBRP

and MOHJU reactor projects was signed in September 1983. The significant U.S.

experience in terms of CRBRP system and equipment design, fabrication, and

testing is now available to PNC for the HONJU project, Japanese experience

and activities as the MONJU project moves forward will be shared with the

United States.

The agreement is mutually supportive and comprehensive. Both parties have

already exchanged engineers at each other's project office to enable a more

effective interchange of information. There have also been a number of

specialists meetings held at which information has been reviewed on such

topics as in-service inspection and sodium leak detection. These personnel

assignments and specialists meetings are important elements of the exchange

and are expected to continue on into the construction and operation of the

MONJU reactor.



5.2 US/United Kingdom Bilateral Activities

The U.S.DOE and the United Kingdom Atomic Energy Authority (UKAEA) signed an

"umbrella" agreement for cooperation in the area of LHFBRs and the associated

fuel cycle in 1965. Similar to the USDOE-PNC arrangement, there have been

numerous specific agreements drawn under the umbrella agreement. Over the

preceding 12 months two new specific agreements were executed: one for

cooperation in studies on the dissolution of fuel and one for measurement of

residual fuel in LMFBR head-end wastes. This brings the number of active

specific agreements to eight between the USDOE and the UKAEA.

5.3 US/CEA/DEBENE Trilateral Activities

The USDOE has signed agreements for cooperation with the French Commissariat

A L'Energie Atomique (CEA) and the Federal Minister for Research and Technology

of the Federal Republic of Germany (BMFT) in 1977 and 1976, respectively. The

scope of each of these agreements differed somewhat from each other, however,

in 1978 the USDOE, CEA, and BMFT decided to initiate tripartite implementation

of these bilateral agreements, consistent with the then-recent harmonization

of the German and French breeder programs. The scope of the resulting tripartite

arrangement included safety, reactor core, systems and components, and fuels

and materials.

6. SUMMARY

The Federal role in breeder technology was, of necessity, restructured during

the past year. Program emphasis has switched from plant projects and a

supporting base technology program to a supporting base technology program

having a newly proposed effort to develop new concepts for industry review.

The FFTF has quickly established itself as the world's finest test bed for

irradiating full-size LMFBR core components as well as providing the most

accurate irradiation conditions for materials evaluation. The Breeder

Technology program has been realigned to enhance interdependent relationships

within the Federal Program, with industry, and with international partners.

The USDOE expects to place more emphasis on international cooperative efforts

directed at breeder industrialization. Such efforts should result in econo-

mizing the total funds expended by the breeder developing nations and help

assure that the breeder option is available when needed.
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TABLE 2.1

FFTF TECHNICAL PARAMETERS

o THERMAL POWER

o MAXIHJH CORE OUTLET TEMPERATURE

o REACTOR VESSEL INLET OPERATING TEMPERATURE
0 REACTOR VESSEL OUTLET OPERATING TEMPERATURE

o NOMINAL CORE AT

0 PRIMARY SODIUM FLOW CAPABILITY

o PRIMARY SODIUM DYNAMIC HEAD

o CORE DIAMETER

0 CORE HEIGHT

o PEAK FAST FLUX

0 BACKUP HEAT REMOVAL

11OO°F

680°F
938°F

300° F

43,500 GPM

500 f t

4 ft

3 ft

7 x 1015 n/cm2-sec

400 MW

593"C

360"C
503°C

167°C

2745 l t r / s e c

152.4 m

121.92 cm

91.44 cm

NATURAL CIRCULATION

FFTF OPERATING HISTOGRAM - CYCLES 1 THRU 4
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KAXIMUH FUEL BURNUP
AT END OF CYCLE:

+ NOTE: TARGET VALUES

CAPACITY FACTOR (%)

AVAILABILITY FACTOR (%)

TABLE 2.2

FFTF OPERATIONAL PARAMETERS

START DATE:
END DATE:

EFPD FOR CVCLE:

CYCLE CAPACITY FACTOR ( * ) :

AVAILABILITY FACTOR ( X ) :

TOTAL PLANT EFPO AT
END OF CYCLE:

CYCLE I

APR 16, 1983
NOV 1 1 , 1983

101.5

50.2

53.0

134.3

CYCLE 2

JAM 18, 1983
HAY 22 , 1983

100.5

83.1

90.6

234.8

CYCLE 3

JUL 4 , 1983
OCT 23 , 1983

101.5

93.5

99.0

336.3

CYCLE

JAN 1 ,

(112-1

4

1984

1 5 ) +

35 60

ANNUAL OPERATIONAL PERFORMANCE

1982* 1983

40.5 56.9

42.8 61.1

81

*NOTE: REPORTING BEGAN AT START OF CYCLE 1, APRIL 16, 1983

WORLD LMFBR PERFORMANCE
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BURNUP ACHIEVEMENTS WITH REFERENCE FUEL

74 75 76 77 78 79 80

CALENDAR YEAR
81 82 83

FIGURE Z.5

TABLE 3.1

FFTF CYCLE 4 EXPERIMENT LOADIHG

TYPE

F U a VERIFICATION

FUEL DEVaOPHENT

BLANKET DEVELOPMENT

CONTROL ROD

SAFETY TESTS

STRUCTURAL MATERIALS

NUMBER IN CORE

20

15

2

5

OBJECTIVE

ESTABLISH REFERENCE FUEL DESIGN LIFE AND
INCREASE IF POSSIBLE.

EXTENDED LIFETIME WITH NONSWELLIHG ALLOYS
AND REDUCED FABRICATION COSTS.

BLANKET DESIGN FOR FUTURE REACTOR.

INCREASED LIFETIME, VENTED PINS, LARGER
DIAMETER PINS.

PROVIDE PRE-IRRADIATED PINS FOR TRANSIENT
TESTING.

LONG-TERM IRRADIATION EFFECTS ON STRUCTURAL
MATERIALS. ADVANCED ALLOY DEVELOPMENT.
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REVIEW OF FAST REACTOR ACTIVITIES IN INDIA
(1983-84)

S.R. PARANJPE
Reactor Engineering & Design Group,
Reactor Research Centre,
Kalpakkam, India

1.0 General Background

The last year was very significant for Indian Nuclear Energy Programme

as the first indigeneously built heavy water moderated natural uranium

reactor called Madras Atomic Power Plant Unit-I was made operational

and connected to the grid. The power level has been gradually

increased and the reactor has been operating at a power level of 200HWe

(temporarily limited Dy Plutonium build up during approach to equilibrium

core loading). The 'plutonium peak' will be crossed shortly clearing the

way for raising the reactor to the full power of 235MWe gross. The

second unit of MAPP, is well advanced and barring unforeseen difficulties,

is expected to become operational during this financial year. This has been

a big morale booster for the programme in general and the Fast Reactor

Programme in particular as plutonium produced in these reactors is

expected to be the inventory for Prototype Fast Breeder Reactor. It may be

recalled that in the last report to this group, a reference was made to

initiation of some preliminary design studies for such a reactcr.

Demand for all commercial forms of energy has continued to rise even during

the last year as against decrease in the demand for electricity observed in

many of the industrialised countries of the Western world. Both industrial

production and Gross National Product have registered a significant growth

(over five percent). Hence in spite of continued increase in the

generation capacity, most of the regional grids in India had to impose

restrictions on the consumption of electricity. It is also betng

recognised that reserves of fossil fuels which to-day appear Urge are really

not large. Consequently, there is increasing realisation of the need lo



develop nuclear energy as an alternate source of energy. On the otlier hand,

inflation though moderated is still significant (around 10% per annum) an;!

calls for vigil on the economic front. So the Nuclear Energy Programme

which appears justified on account of the need and cost per nuclear kwhi is,

likely to be constrained to some extent by higher initial investments in

Nuclear Plants.

Public acceptance of nuclear energy is not too much of a difficulty.

All the same, to promote greater public confidence, Government of

India has created a new organisation called Atomic Energy Regulatory

Board reporting to the Atomic Energy Commission. Presently, it is

headed by Dr.A.K.Dey, who was formerly the Director of Indian Institute

of Technology, Powai, Bombay. The board has powers to lay down safety

standards and frame rules and regulations in regard to the regulatory

and safety requirements envisaged by the Atomic Energy Act 2963 and the

board will ensure their compliance by Department of Atomic Energy (DAE)

and non-DAE installations during construction-commissioning operation.

The board v/ill be assisted in the performance of its tasks by DAE Safety

Review Committee which was earlier the body carrying out such and similar

functions in-hours within DAE.

In this context, wifh cautious optimism and renewed enthusiasm, DAE is

approaching the Indian Government to approve a plan of installing 10

million KWe of installed nuclear capacity and attendant expansion of fuel

and heavy water production capacities and addition of fuel reprocessing

plants. The target is to be reached by the turn of this century.

2.0 Financial Out-lay:

Financial out-lay for the Reactor Research Centre for the year ending

31.3.84 is placed around 137.6 x 106 Rupees (Today 1 US Dollar is

approximately 1-0.5 Rupees) while the proposed out-lay for the coming

financial year has been placed at 116.6 x 10 Rupees. These efforts are

to a certain extent supplemented by Bhabha Atomic Research Centre and.

other units of DAE. Man power deployed has increased somewhat as the

Fast Breeder Test Reactor - the main unit in Reactor Research Centre,

Kalpakkam in entering in the final phases of commissioning before

69 reaching criticality.

3.0 Fast Breeder Test Reactor (FBTR):

The reactor construction is now nearing completion. The reactor vessel

installation was completed in the previous year itself. During the year,

erection of internal parts (i.e. neutronic and thermal shields.) was

completed. This was followed by installation of the top structures

consisting of rotating plugs, control plugs, the ball bearing structure1;

and the anti-explosion floor. Different types of subasscmblles like

steel and Nickel reflector assemblies diid dummy fuel subasseinlil les have

also been loaded in the reactor vessel. All components of the primary

sodium circuit have been installed and the entire primary sodium piping

will be completed shortly. The secondary sodium piping is already

complete. Reactor grade sodium required for the secondary sodium system

has been produced starting from commercial grade sodium. Purification

of sodium for primary circuit has also been initiated. Sodium will be

charged into secondary sodium circuit very soon. Two of the four steam

generator units have already arrived at the site and the balance two are

getting ready in the factory and could be expected within next few months.

There has been some delay in 'the receipt of steam generators, and

consequently, it has been decided to attain the first criticality and carry

out low power physics measurements without the steam generators. All

associated equipments like sodium pumps, control rod drive mechanism,

drives for the primary and secondary sodium pumps and fuel handling machines

have been tested, teak test of reactor containment building has been

carried out successfully. Leak rate is well below the permitted value of

.1% of building volume/hr.

While the auxiliary systems (air conditioners; ventilation, power supplies,

process water, emergency power supply etc) have been commissioned,

commissioning of main systems like primary and secondary sodium system,

preheating and emergency cooling systr-m, biological shield cooling system,

flooding system, nuclear instrumentation and control system, failed fuel

detection systems based on delayed neutron detection (DIO) and gasoous

activity monitors will be taken up progressively with the object of

attaining the first criticality towards December 84 - January 85.

On the licensing side, after review by the working group constituted by

the safety committee, the subject is now being discussed with the Safety



7Q Review Committee of DAE, basically for finalisation of the tecnnical

specifications which define the plant operation limits and administrative

procedures which supplement the automatic and autonomous reactor

protection system.

A.0 Design Studies for SOOMWe Prototype Fast Breeder Reactor (prBR):

Preliminary design studies for PFBR mentioned in the earlier report have

Deen completed and submitted to the Atomic Energy Commission in the

form of a Project Report. Main features of the plant have been

already reported and would also appear in the IAEA compilation of

LMFBR plant parameters. Hence only the important points arising out

of the preliminary design study will be mentioned.

The reactor core is being designed to have the same number of

subassemblies with same external dimensions while the fuel proper may

be mixed oxide or mixed carbide. Power density expressed as MW/Te

will be quite comparable for the two fuels. The major difference will

be in the linear power and the pin diameter. Using consistant

assumptions and models, energy release under Design Base Accident(DBA)

conditions like Loss of Coolant (LOCA) or Transient Over Power Accident

(TOPA) or TOPA followed by LOCA, have been determined for both fuels

and the results are comparable. Mixed carbide fuels do not appear to

be more hazardous than the well known and widely accepted mixed oxide

fuels. For either fuel, energy release during DBA works out to a

sufficiently small value as to permit housing the reactor vessel in an

industrial leak resistant structure as is the case of PFR in U.K. or

Phenix in France.

Studies have been carried out to see if PFBR can be made inherently

safe without scram under the worst conditions of loss of onsite and

offsite power. It has been found that by choosing a sodium pump coast

down lawwith a halving time of around 60 to 70 sees., one can have

adequate negative feedback reactivity and the power and temperatures in

the core can be maintained within safety limits.

Possibility of omitting ex-vessel storage of irradiated fuel and the

'A' frame transfer machine for movement of fuel from the pool to ex-vessel

has been explored. Short refuelling interval has been adopted for PFER

in order to obtain better breeding ratio and greater average burn-up

for relatively low and conservative value of maximum burn-up assumed as

design basis. Under such conditions, it becomes necessary to have

ex-vessel storage and 'A' frame for fuel handling.

Inelastic analysis of the secondary sodium piping appears to justify the
allowable stresses permitted by the power piping code as compared
to very low values permitted by ASME code case 11-47.

Finally, Ihe cost of PFBR does appear rather high compared to

thermal reactors even under conditions prevalent in India. And so

significant and persistent efforts are required to make LMFBRs

economically attractive.

5.0 Reactor Physics Studies:

5.1 Nuclear Data Evaluation, Processing and Testing

The nuclear data processing code RAMBHA, developed in the Centre has

been used to generate multigroup cross sections from the ENDF/B-IV

data library for various fertile, fissile, structural and coolant

materials of interest to fast reactors. Analysis of ZPR-9, Assembly 31,

a carbide fueled benchmark critical assembly has been completed and

analysis of some more selected critical assemblies is in progress,

using the newly generated cross section set.

The computer code package RECOIL for calculation of displacement damage

cross sections has been commissioned and has been run for stainless

steel material.

As a part of an IAEA code verification project, using the EN3F/B-V

dosimetry library, unshielded cross sections in the SAND-II, 620 group

structure viere generated and sent to nuclear data section of IAEA for

comparison with the benchmark standard results.



Cross section sensitivity studies for fast neutron transmission through

sodium were carried out using the sensitivity analysis cody system

commissioned earlier.

5.2 Reactor Theory, Design and ftnalysis

The application of continuous space dependent synthesis using a^ial

helmholtz modes for fast reactor diffusion theory calculations has been

studied and a two dimensional code written based on this method has been

tested against an LMFBR benchmark problem successfully for the efficiency

od the method which will be ultimately used for three dimensional

hexagonal-z fast reactor calculations.

An analysis of a new generalised first order perturbation formula

for the diffusion equation, derived recently by Pomraning has been

made to assess its suitability to replace the classical perturbation

formula and it is found that the generalised formulation has

advantage over the classical formulation only in a limited range.

The dependence of loss of burn-up of discharged fuel on the

re-fuelling interval for the prototype fast breeder reactor (PFBR)

was studied and the optimum cycle was arrived at from the point of

view of burn-up.

Neutronics studies of a small carbide core and the possible nominal

core configurations for the Fast Breeder Test Reactor (FBTR) were

carried out. An error analysis for the effective multiplication

factor calculations of FBTR was also carried out.
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5.3 Fast Reactor Safety Analysis

Improved models for the predisassembly phase calculations of accident

analysis were incorporated in the computer codes and the DBA studies

using these improved models were made for FBTR.

LOFA and TOPA analyses were carried out for the PFBR also with oxide

and carbide fuel, using the improved models in the codes.

Oynarnics of fuel vapour pressure saturation in the voided LMFBP cores

during transient heating in a DBA were studied and the effect of pressure

lagging the temperature on the energy release during the disassembly phase

of accident has been evaluated.

A study of the sensitivity of heat transfer parameters on sodium boiling

propagation, fuel slumping, and subsequent effects in LMFBRs under

unprotected loss of flow accidents (LOFA) has been carried out,

A multizone fuel coolant interaction (FCI) model has been developed

which includes the heat exchange between the interaction zones and

leakage to the surroundings. The formulations were developed in Lagrangian

system and a code MULTIFCI has been written and tested successfully.

5.4 Reactor Noise Analysis

Investigations of the reactivity fluctuations caused by the boiling

of sodium in LMFBRs have been carried out with regard to the likely

frequency range in which the local boiling may be reflected under

LMFBR operating conditions and the minimum detectable size of the

sodium vapour bubble by such an analysis.

A study of neutron noise transmission characteristics of multiplying

media and neutron noise source localisation in LMFBRs has been

carried out using neutron wave propagation technique.

5.5 Radiation Transport and Shielding

A two dimensional analysis of the Japanese shielding benchmarV

experiment for sodium was carried out using the discrete ordinate

transport code DOT in S^PQ approximation. The neutron fluxes and the

gamma doses were compared with the measured values.

A series of computational studies for the preliminary design of the

internal bulk shields for the PFBR were carried out. These included

the radial shields, upper axial integrated shields and the Monte Carlo

simulation of neutron streaming through the lower axial shiel'J and the

grid plate.



72 The effect of scattering anisotrophy on the optimal choice of parameters

for exponential transform in deep penetration Monte Carlo simulation has

been studied. It is found tnat the scattering anisotrope influences

significantly the optimal parameter if the scattering probability is high.

An optimising scheme in which the selection of a biassing parameter is

automatically adjusted for simulating neutron and gamma transport in a

practica1 shield problem, has been formulated and its performance has been

studied against a sodium shielding benchmark experiment.

6.0 Materials Development Programme

Materials Development Laboratory of Reactor Research Centre is

concentrating its efforts on generation of data on materials of direct

interest to the Fast Reactor Programme. Some idea of the activities

of this laboratory can be obtained from the following programmes of

the laboratory.

i) Studies on compatability of austenitic stainless steels with

static and dynamic sodium.

ii) Studies on pitting and crevice corrosion of stainless steels in

aqueous solution containing chloride ions,

iii) Studies on sensitization of stainless steels,

iv) Studies (by simulation) on the clad/fission products interaction

v) Studies on atmospheric corrosion of stainless and low alloy steels,

vi) Studies on oxidation behaviour of Cr-Mo ferritic steels,

vii) Study of phase separation techniques in stainless steel weldments

and kinetics of the growth of secondary phases,

viii) Studies on stress corrosion cracking of stainless steels,

ix) Influence of grain size on the high temperature mechanical

properties of austenitic stainless steels,

x) Correlation between mechanical properties and roicrostructure of

Nimonic PE-16 superalloy.

xi) Studies on low cycle fatigue behaviour of reactor structural

materials,

xii) Testing and evaluation of FBTR materials for creep, tensile and

impact properties.

xiii) Evaluation of the efficiency of various stress rupture parameters,

xiv) Influence of cold work on the stress rupture properties of

316 stainless steel,

xv) Evaluation and testing of 316 stainless steel plates from ASP,

Ourgapur for suitability for fast reactor,

xvii) Influence of environment on creep rupture properties of type

304 stainless steel,

xviii) Linear elastic and general yielding fracture mechanics studies

on reactor materials.

Significant result;, obtained can be summarised as:

6.1 Influence of Grain size on Crevice corrosion of Austenitic Stainless
Steels

The critical crevice potential, E and average grain diameter (d)

for type 316 stainless steel in 0.5 H NaCl solution have been found to

fit the following two equations:

i)

n)

= 475-99 d"

= 297-13 d -1
Correlation coeff. = -0.95

Correlation coeff. = -0.94

A sample having grain dia as large as about 5 mm was prepared and

the E measurement was carried out on a single grain (no grain

Ec(.value was obtained as +250 mV (SCE)boundary under the crevice),

in this case. This value should correspond to the intercept at d=0

in theabove equations. As this value is quite close to the intercept

in equation (ii), it seems that this equation viould be more

appropriate than the equation (i) even though it had slightly lower

correlation coefficient.

6.2 Pitting and Crevice Corrosion Studies on 'SEA-CURE' Material

A ferritic stainless steel with trade name 'SEA-CURE' (Chem. co'np. in

wt. % : C = 0.15, Mn = 0.35, P = 0.21, S = 0.004, Si = 0.20, Mi = 2.06,

Cr = 27.16, Mo = 3.36, N = 0.022, Ti = 0.54, Co = 0.15, Al = 0.30 and

Fe = balance), a new material developed for condenser tubes in sea water



applications has been evaluated for resistance to localised corrosion

attack. A few potentiodynamic experiments conducted on tins material

in 0.5 M NaClsolution at room temperature have shown that it is immune

to pitting and crevice corrosion attack. Such a high resistance against

localized corrosion is considered to be mainly due to higher Cr, Mo and II

contents in the alloy.

6.3 Development of TTS diagrams for /WESTA Stainless Steel Material at
• Different Cold Work

In order to develop time-temperature sensitization (TTS) diagrams for

AVESTA 304 stainless steel material at various degrees of cold work,

samples were cut from 7 mm thick plate (in mill-annealed condition) and

were cold rolled to various reductions in thickness to achieve 0, 5, 10,

15, 20 and 25% cold work. Samples were heat treated oetween 823 and 973 K

for various time periods ranging from 0.25 to 200 h. intergranular

corrosion tests are being carried out as per ASTH A-262 practice E.

6.4 Microstructural Instability of Type 316 Stainless Steel Weld Hetal
at High Temperatures
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The aged samples were tensile tested at room temperature using a strain

rate of 4 x 10 s" . The results obtained are tabulated below:

Ageing
Temp. (K)

As welded

773

873

973

Ageing
time (n)

200

2000

5000

20

200

2000

5000

20

200

2000

5000

Y.S
(HPa)

330

323

332

336

292
281

310

315

321

308

317

308

UTS
(MPa)

499

515

516

543

561

577

599

581

618

597

600

622

Elongation
(*)

37.2

33.5

31.0

33.0

25.6

26.6

19.2

16.8

21.8

13.1

9.7

10.4

Fractographic studies are in progress.

6.5 Characterisation of Precipitates

The aged samples were dissolved in HCl-CH-jOH electrolyte at 1.5 V to

separate the secondary precipitates from the matrix. The extracted

precipitates were then analyzed, using x-ray diffraction to identify

the phases present. The data are tabulated below:

Ageing
Temp. (K)

As welded

773

373

973

Ageing
Time (h)

200

2000 .

5000

20

200

2000

5000

20

200

2000

5000

Total Weight %
ppt.

6.2

*

0.87

1.67

4.30

5.80

6.31

8.74

8.04

8.63

11.18

14.73

Phases present

delta ferrite

*

delta f e r r i t e , sigma,
M23C6, Chi

delta f e r r i t e , sigma,
M23=6, C h 1

Chi. sigma, M->->Cg

Sigm.i, M ĵCg

Sigm.i, M-ĵ C,

Sigma, '•'oi'-fi

Sigma, M^Cg

Sigma, ' ^ C g

Sigma, ^03^6

Signia, M23=6

•Analysis in progress.

Chemical separation of the phases is in progress to assess the growth

kinetics of sigma and M23
Cg carbide phases.

6.6 Oxidation Studies

Oxidation studies on 2'j Cr - 1 Mo steel and 9Cr - IMo steel have been

carried out in air and oxygen environment in the temperature range of

773-1273K for a fixed duration of 6h. Following results were obtained:



74 i) Rate of oxidation of 2'-s Cr-Ho Steel increases v/ith increase in

temperature in both the environments. The parrabolic rate constant

increases with increase in temperature upto 1O73K. At 1173K the

steel undergoes breakaway oxidation. There is some difference in

the oxidation kinetics in the two environments. The reason for

this difference can be established by carrying out further

experiments.

ii) Rate of oxidation of 9Cr-lMo steel is about an order of magnitude

less than that of 2*4 Cr-lMo steel in the temperature range 773-1173K.

Moreover the oxidation kinetics is logarthmic in nature as compared

to the parabolic one in 2k Cr-lMo steel. The breakaway oxidation in

9Cr-lHo steel occurs at 1223K and at 1173K in 2VsCr-lMo steel. The oxide

layer formed upto 873K seems to be iron rich and Cr^O, forms at

973-1073 and 1173K. The oxide layer formed at 1273K after breakaway

oxidations seems to be similar to that formed on 2'jCr-lHo steel after

breakaway oxidation. There was no significant difference between

the two environments on the oxidation behaviour for this alloy.

6.7 Frequency effects on 10% Cold Worked AISI 304 Stainless Steel in High
Strain Fatigue

Low cycle fatigue (LCF) studies on prior cold worked (PCW) AISI 304

stainless steel at a cycling frequency of 0.1 Hz have shown that 10% pew

condition gives a lower bound endurance. Hence, further investigations

were carried out in 10% pew condition to determine the influence of

frequency in the range 0.001-1.0 Hz. The total axial strain ranges

employed in testing were in between 0.5 and 1.2%. The preliminary

results obtained indicate the following:

i) Fatigue life decreases with a decreasing frequency upto 0.01 Hz

at all strain ranges with a drastic life reduction at lower strain

range (0.5%).

ii) For a strain range of 1.2% testing with a lower frequency of 0.001 Hz

resulted in increase in fatigue life from that observed at a

frequency of 0.01 Hz indicating a recovery in fatigue life.

lii) Number of cycles for saturation have shown the same trends

exhibited by fatigue life with a decreasing frequency.

iv) In general, the tensile stress amplitude for the first cycle and

the saturation stress amplitude at half the separation life have

been found to decrease v/ith decreasing frequency.

v) Plastic strain developed during first cycle and plastic strain

computed at saturation level were found to be minimum for a

cycling frequency of 0.1 Hz, with an increase in both these

values at frequencies lower than O.lHz.

vi) Dynamic strain ageing has occured on testing at. and frequencies

lower than 0.01 Hz.

6.8 Creep Fatigue Interaction Studies on AISI 304 Stainless Steel

Creep fatigue interaction test? at 923K on coarse grained AISI 304 are

undor progress. The introduction of one minute hold period at maximum

tensile strain (^1.0%) into the fatigue cycle reduc ed the fatigue

life considerably from that has been recorded during continuous

cycling tests. Increasing the dwell period to 10 minutes resulted in an

increase in fatigue life over that observed at shorter dwelU. Preliminary

examination of the fracture surfaces have shown pure wedge type

inter granular cracking at shorter dwells and a mixed wedge <tnd

cavitation type intergranular cracking under 10 minute hold time

conditions.

6.9 Exploration Test for Determining Peak Strain Ageing in Low Cycle Fatigue

An exploration test for possible cyclic strain ageing interactions

was deviced by means of determining incremental tanperature effects.

This peculiar test was accomplished at a single strain range, at

sufficiently low frequency and on a single test specimen by cycling

at a specific temperature for ten complete strain cycles and then

raising the temperature incrementally to higher levels. Starting at

a temperature of 673K and raising the temperature in 50 degree

increments, the cyclic strain ageing spectrum in the form of hysterisis

loops has been established over the temperature range of interest; and

the temperature of maximum cyclic strain ageing is quickly determined.

Further tests have also been carried out to cyclic saturation on

companion specimens to determine the peak strain ageing effect on 75 m



grain size 3O4SS samples employing a strain range 0.8X and a cycling

frequency of 0.01 Hz. The salient features that can be obtained from

these tests conducted to saturation can be seen from the following results:

Temp. (K)

673

773
823

873

923

Stress
I Cycle

131

143

173

160

159

Amplitude (MPa)
Saturation

•248

270

278

228

224

- Plastic strain
range (%)

0.459

0.414

0.453

0.498

0.523

It is clear that there was a pronounced increase in stress amplitudes

for the first and saturation cycles with associated minimum in plastic

strain per cycle in the peak strain ageing twnperature regims.

6.10 Effect of Thermal Ageing on the Room Temperature Tensile Properties of
an A1SI 316 Stainless Steel

The effect of thermal ageing at the temperatures of 823, 923, 10?3 and

1123K for periods ranging from 10 to 1000 h on the room temperature tensile

properties luve been invest 153t u:i:

i) Optical metallography revealed that qualitatively there was

a considerable variation in the matrix and grain boundary

precipitation density with variation in both time and temperature.

ii) Yield stress decreased m t u increase in ageing temperature

for any fixed level of ageing time; the- rate of decrease of yield

stress was greater for longer ageing periods.

iii) On ageing at temperature- of 323 and 923K yield stress increased

with increasing ageing time whereas ageing at higher temperatures

showed a reverse tendency.

iv) UTS was also found to dfci ease with increase in ageing temperatures.

The rate of decrease was considerably larger for ageing periods of

500 and 1000 hrs compared to lower ageing periods.

yg v) Ductility at room temperature measured in terns of either uniform

elongation, total elongation or reduction in area decreased hith

ageing time at fixed ageing temperatures.

vi) SEM studies have shown purely intergranular fractures jt highest

ageing temperature and time and is attributed majority to the

heavy sensitization.

6.11 Effect of Prior Cold Work (PC/.') en Creep Properties of A1S1 304 SS

The creep tests in air on solution annealed and 10% PCW specimens at

973K and at stresses ranging fron 120-200 MPa are in the advanced

stages of completion. Test at 973K for 2O5£ PCW condition with a stress

level of 160 MPa has been completed. The results analysed 5,0 far for a

stress level of 160MPa reveal that rupture life increases, rupture

ductility and minimum creep rate decreases with increasing prior cold work.

The studies on substructure and creep damage for different testing

conditions are planned.

6.12 Creep Tests on Heat E5153 of VIRGO 14SB Material

Creep rupture tests have been completed at 923K and at a stress level

of 200 MPa. Creep rupture tests at a stress level of 150 MPd are in

progress.

C h e m i s t r y Pr0g_raimne7.0

7.1 C h a r a c t e r i s t i c s of R e a c t o r G r a d e S o d i u m

R e a c t o r g r a d e sodium, p r e p a r e d in the R e a c t o r E n g i n e e r i n g L a b o r a t o r y by

p u n f y i n y c o m m e r c i a l s o d i u m , h a s b e e n c h a r a c t e r i z e d b y c h e m i c a l

a n a l y s i s e m p l o y i n g t h e v a r i o u s t e c h n i q u e s d e v e l o p e d e a r l i e r .

It w a s f o u n d t h a t t h e p u r i f i e d s o d i u m m e e t s t h e s p e c i f i c a t i o n s

f o r r e a c t o r a p p l i c a t i o n s .

7 . 2 D e v e l o p m e n t o f O n - l i n e M e t e r s

D e v e l o p m e n t o f o n - l i n e m e t e r s f o r o x y g e n , c a r b o n a n d h y d r o g e n w a s

c o n t i n u e d . O x y g e n m e t e r s b a s e d o n y t t r i a - d o p e d t h o r i a ( Y D T ) s o l i d

e l e c t r o l y t e s h a v e b e e n u s e d , c a l i b r a t e d a g a i n s t c o l d t r a p

t e m p e r a t u r e in s m a l l s o d i u m l o o p s a n d h a v e b e e n f o u n d to g i v e



7 .

7g n e a r t h e o r e t i c a l r e s p o n s e . T h e y h a v e a l s o b e e n u s e d t o m e a s u r e

t h e o x y g e n p o t e n t i a l s in t h e N a - N a C r O ^ - C r a n d t h e N a - N a , U 0 j - U O . ,

p h a s e f i e l d s .

A n e l e c t r o c h e m i c a l h y d r o g e n m e t e r h a s b e e n f a b r i c a t e d a n d t e s t e d

in a s m a l l p u m p e d s o d i u m l o o p . It i s b a s e d o n a C a C l p - 5 w t %

C a H , e l e c t r o l y t e c o n t a i n e d i n an i r o n m e m b r a n e c a p s u l e d i p p i n g

i n s o d i u m w h i c h f o r m s o n e e l e c t r o d e . T h e r e f e r e n c e e l e c t r o d e i s

L i / L i H c o n t a i n e d in a n o t h e r t h i n - w a l l e d i r o n t u b e w h i c h is l o c a t e d

in t h e e l e c t r o l y t e . T h i s m e t e r h a s s h o w n n e a r t h e o r e t i c a l r e s p o n s e

a n d a s e n s i t i v i t y o f 0 . 1 5 pern i n h y d r o g e n c o n c e n t r a t i o n .

F u r t h e r s t u d i e s w i t h t h e e l e c t r o c h e m i c a l c a r b o n m e t e r d e s c r i b e d

e a r l ' i e r h a s s h o w n t h a t e q u i l i b r i a i n v o l v i n g c a r b o n i n s o d i u m

s t e e l s y s t e m s a r e r a t h e r s l u g g i s h .

7 . 3 S o l u b i l i t y M e a s u r e m e n t s

T h e s o l u b i l i t i e s o f M o l y b d e n u m a n d V a n a d i u m h a v e b e e n m e a s u r e d

in o x y g e n f r e e l i q u i d s o d i u m in t h e t e m p e r a t u r e r a n q e o f

5 O O - 7 2 O K . T h e s o l u b i l i t y o f m o l y b d e n u m c a n b e g i v e n b y t h e

e q u a t i o n .

l o q S ( p p m ) 2 . 7 3 8 - -2 2 0 0
TK"

T h e h e a t o f s o l u t i o n o f m o l y b d e n u m i n l i q u i d s o d i u m i s

c a l c u l a t e d t o b e - 4 2 . 1 2 3 K J / m o l e . T h e m e a s u r e d s o l u b i l i t y n f

v a n a d i u m s h o w s a s h a r p f a l l a b o v e a t e m p e r a t u r e o f 4 0 0 C , p r o b a b l y

d u e t o t h e f o r m a t i o n c f i n t e r m e t a l 1 i c s .

A p p r o p r i a t e a n a l y t i c a l t e c h n i q u e s b a s e d o n a t o m i c a b s o r p t i o n

s p e c t r o p h o t o m e t r y w e r e d e v e l o p e d f o r d e t e r m i n g t r a c e s o f t h e s e

e l e m e n t s in s o d i u m .

F 1 u e n c e Keasurement

A v e r y a c c u r a t e m e t h o d lias b e e n d e v e l o p e d f o r d e t e r m i n i n g t h e

i s o t o p i c c o m p o s i t i o n o f b o r o n b y t h e - m a l i o n i z a t i o n m a s s

s p e c t r o m e t r y . I n t h i s t e c h n i q u e n o t o n l y i s tlu- i s o t o p i c

f r a c 11 o n a t l o n e f f e c t m i t . i m i s e d , o u t c o r r e c t lo-i foi t h i s is

i n - b u i l t . U s i n g t h i s t e c h n i q u e , it w o u l d b e p o s s i b l e t o

m e a s u r e t h e f l u e n c e s e e n b y c l a d d i n g 2 n d o t h e r s t r u c t u r a l

m a t e r i a l s f r o m t h e i s o t o p i c c o m p o s i t i o n s o f t h e b o r o n i m p u r i t y

in t h e m .

7 . 5 T h e r m o d y n a m i c s o f F a s t R e a c t o r F u e l s

A s p a r t o f a p r o g r a m m e t o g e n e r a t e t h e r m o d y n a m i c r!ata o n f i s s i o n

p r o d u c t c o m p o u n d s w h i c h a r e l i k e l y t o b e f o u n d in t h e m i x e d

o x i d e f u e l u n d e r i r r a d i a t i o n , c o m p o u n d s s u c h a s B c i Z r O , a n d

S r Z r O , w e r e s t y d i e d u s i n g h i g h t e m p e r a t u r e c a l o r i n s t r y .

A d e t a i l e d s t u d y o f ( U , C e ) O 2 + x i s u n d e r w a y u s i n g o x y g e n

p o t e n t i a l m e a s u r e m e n t s , t h e r m a l a n a l y s i s a n d x - r a y d i f f r a c t i o n .

I n o r d e r t o a s s e s s t h e r o l e o f f i s s i o n p r o d u c t t e l l u r i u m ir

t u e l - c l a d c h e m i c a l i n t e r a c t i o n , t h e i r o n - t e l l u r i u m s y s t e m h a s

b e e n i n v e s t i g a t e d u s i n g K n u d s e n c e l l 'nas s p e c t r o m " t r y .

S . 0 R e p r o c e s s i n g P r o g r a m n e

D e v e l o p m e n t o f p r o c e s s e q u i p m e n t s y s t e m , s u c h a s s i n g l e

p i n c h o p p e r , s o l v e n t c o n t r a c t o r s , f e e d c l a r i f i e r s , d i s s o l v e r

e t c . h a s b e e n c o m p l e t e d . P r e s e n t l y t h e y a r e t e s t e d f o r t h e i r

r e l i a b i l i t y i n a n i n t e g r a t e d o p e r a t i o n o n o n e c y c l e o f

s o l v e n t e x t r a c t i o n u s i n q U . S o l v e n t e x t r a c t i o n m o d e l s

w e r e d e v e l o p e d f o r t h e U - P u - T B P s y s t e m . C o m p u t e r s t u d i e s a r e

c a r r i e d o u t f o r o p t i m i s a t i o n o f f l o w s h e e t . E x p e r i m e n t s o n

d i s s o l u t i o n o f U c a r b i d e in n i t r i c a c i d i n d i c a t e t h a t t h e

o r q a n i c s c o u l d b e m o s t l y o x i d i s e d e l e e t r o l y 1 1 c J 1 1 y a n d t h e

p r o d u c t s o l u t i o n h a s c h a r a c t e r i s t i c s s u i t a b l e f o r s o l v e n t

e x t r a c t i o n s u b s e q u e n t l y . T h e e l e c t r o l y t i c s y s t e m w a s t e s t e d

f o r i t s v i a b i l i t y o n e x p e r i m e n t s w i t h d i s s o l u t i o n o f s i n t e r e d

Pu o x i d e a l s o and it w a s f o u n d to h a v e f a v o u r a b l e c h a r a c t e r i s t i c s .

T h e A l p h a l a b o r a t o r y i/as c o n m i s s i o n e d and is e n g a g e d in c o l l e c t i o n

of r e l e v a n t s o l v e n t e x t r a c t i o n e q u i l i b r i u m d a t a for f l o w sheet

s t u d i e s and a p p l i c a t i o n of e l e c t r o l y t i c p r o c e s s for s e p a r a t i o n o f

U and P u . L e a d s h i e l d e d f a c i l i t y is r e a d y f o r c o m m i s s i o n i n g .



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

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

9.0 Safety Research Laboratory

Release characteristics of fission product iodine in fires involving

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

Effect of relative humidity on autoignition temperature of liquid

sodium had been studied. Laboratory scale experiments for the benign

digestion of sodium in waste matrix have been successfully completed.

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

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

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

under sodium have been developed.

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

other material were done.

A non destructive method of estimating water content in concrete

using the back scattered radiation spectra was developed. A detailed

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

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

Research Contract work.

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

transport following loss of coolant accidents in water reactors.

A microcomputer based simulator is being built for the purpose of

training the staff for handling any emergency involving the release of

radioactivity to the environment from nuclear facilities
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R.D. SMITH
UKAEA, Risley Nuclear Power Development Establislunent,
Risley, Warrington, United Kingdom

ABBREVIATIONS USED IN THIS REVIEW

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

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



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

1. BACKGROUND TO THE 1984 REVIEW

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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



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

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

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

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

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

1981 13 • 7 Mt (coal equivalent)

1982 16-0 Mt

1983 18-1 Mt (provisional figure)

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

Coal
Oil

Natural Gas

Nuclear Electricity

Hydro-Electricity

TOTAL

111

106

73

18

2

311

•5
•2

•5
• 1

•4

•7

Mt

Mt (coal equivalent)
•

•

-

2. PROTOTYPE FAST REACTOR

2.1 Highlights of operation in 1983

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

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

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

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

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

2.2 Reactor and secondary circuits

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

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

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

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

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

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

2.3 Steam generators and power plant

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

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

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

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

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

2.4 Fuel and active handling

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

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

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

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

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

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

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



3. REPROCESSING

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

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

3.2 Aims of the CDFR reprocessing development programme

The main aims of the programme during 1983 were:

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

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

(lii) To identify flowsheet and equipment development options.

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

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

3.3 Plant safety studies and criticality control

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

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

3.4 Spent fuel transport

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

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

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

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

3.5 Removal of sodium from sub-assemblies

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

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

3.6 Fuel storage

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

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

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

3.7 Fuel sub-assembly dismantling and shearing

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

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



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

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

3.8 Fuel dissolution

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

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

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

3.9 The design and development of a batch dissolver

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

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

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

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

3.10 Post-dissolution accountancy and chemical adjustment

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

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

3.11 Separation chemistry

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

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

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

3.12 Solvent extraction equipment

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

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

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

3.13 Waste treatment - aqueous streams

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

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



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

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

3.14 Waste treatment - non aqueous liquid wastes

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

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

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

3.15 Waste treatment - gases

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

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

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

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

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

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

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

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

3.17 Process control and instrumentation

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

4. COMMERCIAL DESIGN STATUS

4.1 Design status

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

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

4.2 Core design

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

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

4.3 Primary circuit

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

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

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

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

4.4 Intermediate heat exchangers (see also Section 6.5)

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

4.5 Primary pumps (see also Section 6.1)

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

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

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

4.6 Steam generators (see also Section 6.6)

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

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

4.7 In-service inspection and monitoring

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

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

4.8 Safety

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



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

4.9 Operational characteristics

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

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

5. STRUCTURAL INTEGRITY

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

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

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

The four main targets in the UK programme are:

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

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

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

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

5.2 Codes development

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

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

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

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

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

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



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

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

5.3 Life assessment

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

5.3.1 Thermal striping

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

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

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

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

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

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

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

5.3.2 Thermal features experiments

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

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

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

5.3.3 Failure mechanisms/criteria

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

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

5.4 Piping

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

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

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

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

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

5.5 Seismic requirements for pipework

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

5.6 Structural integrity

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

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

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

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

5.7 In-service inspection

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

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

5.8 CDFR design considerations

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

S.B.I Welds

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



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

5.8.2 High temperature design

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

5.8.3 Thermal striping, etc.

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

5.8.4 Tube-plates

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

5.8.5 Safety related structures

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

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

6. ENGINEERING COMPONENT DEVELOPMENT

6.1 Primary pumps

An economical two-stage centrifugal pump has been chosen for the primary circuit of the
CDFR. This givos the necessary high pressure performance with a relatively small overall diameter.
A design objective has been to evolve a pump which will operate without cavitation both to permit
a boiling noise detection system and to avoid cavitation erosion.

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

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

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

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

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

6.2 Alternative shutdown system

CDFR will be provided with an additional core shutdown system entirely separate from the
primary systems of control rods and shutdown rods, and of a completely different design. In the
alternative system, six absorber rods are held out above the core by sodium pressure provided by
HALIP electromagnetic Dumps (described in last years report), and are released by interrupting the
electric power supply to the HALIP pumps. The rods are initially cocked using a tool suspended from
the rotating shield which is then withdrawn so that there is no direct connection between the rods
and the roof. This ensures that the functioning of these rods is independent of relative motion bet-
ween the core and the Above Core Structure, such as might occur in a seismic event.

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

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



6.3 Under-sodium insulation

A one-metre high portion of under-sodium insulation is under test in the Risley Nuclear
Laboratories. It consists of a pack of vertical stainless steel sheets with sodium between them, and
the object of the experiment is to measure the effect of sodium leakages past the edges of the plates.
The first assembly of the rig comprised fifteen permeable plates forming sixteen cells, and the ex-
perimental results from this were reported last year.

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

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

6.4 Above-sodium insulation

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

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

6.5 IHX tube buckling

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

6.6 Steam generators

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

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

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

(c) top face weld.

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

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

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

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

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

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

6.7 Under-sodium viewer

As reported last year, an under-sodium viewer has been successfully used in the PFR. It com-
prises an array of 12 ultrasonic transducers mounted on the end of a 10 m long vertical tube which
is fitted into a penetration in the PFR rotating shield. The array is traversed over the core by rotating
both the rotating shield and the viewer tube itself. It monitors the relative positions of the tops of
the individual sub-assemblies and the relative heights of the individual wrappers to an accuracy of
± '/J mm.

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

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



6.8 Primary circuit flow

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

6.8.1 Hot pool

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

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

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

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

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

6.8.2 Cold pool

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

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

6.8.3 Intermediate plenum

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

6.9 Thermal striping

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

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



7. MATERIALS DEVELOPMENT

7.1 Fabrication and inspection

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

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

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

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

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

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

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

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

7.2 Mechanical and physical properties

7.2.1 Austenitic steels (type 316)

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

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

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

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

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

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

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

7.2.2 Ferritic steels

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

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

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

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

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

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

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

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

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

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

7.2.3 Effect of sodium on mechanical properties

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

7.3 Waterside corrosion

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

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

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

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

7.4 Absorber materials

7.4.7 Laboratory programme

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



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

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

7.4.2 PFR studies

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

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

7.5 Tribology

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

8.1 Corrosion, mass and activity transfer and deposition

8.1.1 Materials behaviour in sodium

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

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

8.1.2 Radionuclide transport

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

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

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

8.1.3 Metal solubilities in sodium

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

8.2 Sodium impurity monitoring

8.2.7 Oxygen meters

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

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



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

8.2.2 Carbon meters

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

8.2.3 Oxygen/hydrogen meter development

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

8.3 Sodium chemistry and technology

8.3.7 Impurity control

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

8.3.2 PFR cold trap loops

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

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

8.3.3 DFR decommissioning

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

8.3.4 Carbon in sodium and carburization

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

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

8.3.5 PFR secondary circuit sodium sampling

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

8.4 Sodium leaks, fires and aerosols

8.4.1 Extinguishants for fires

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

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

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

8.4.2 Sodium fire aerosols

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

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



8.4.3 PFR aerosol filter from gas blanket clean-up plant

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

8.5 Sodium vapour, heat and mass transfer

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

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

8.6 Water circuits

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

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

9. CORE MATERIALS AND FUELS DEVELOPMENT

9.1 PFR experience

9. 1. 1 Burn-up achievements and targets

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

TABLE 1

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

Material

C.W.M316 clad pins

ST&A PE16

c W.FV548

c.w.En58 wrappers

ST&A PE16 wrappers

C.W.M316 clad blanket p'ns

Sub-assemblies

BU% dpa INRT)

9-4

7-3

7-1

-

-

1-1

68

48

52

57

65

22

BU%

10-9
10-5

4 - 5

10-1

-

-

_

Clusters

dpa (NRT)

40
54

22

32

-

-

_

(lead pins)
(standard pins)

(lead pins)

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

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

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

9.1.2 Post-irradiation examination data

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

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



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

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

9.2 Modelling fuel performance

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

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

9.3 PFR fuel development

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

9.4 CDFR fuel development

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

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

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

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

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

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

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

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

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

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

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



9.5 Clad and wrapper materials

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

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

(i) its effect upon clad strength through wastage and

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

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

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

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

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

(ii) c.w. HL548

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

— a dispersion hardened alloy developed for CAGR.

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

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

9.6 Endorsement of the CFR restrained core design

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

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

10. SAFETY

10.1 Highlights

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

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

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

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



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

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

10.2 Fuel failure studies

70.2.7 The PFR/TREATprogramme

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

70.2.2 The CABRI programme

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

10.2.3 Analysis of test results

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

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

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

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

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

10.2.4 The Scarabee-N programme

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

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

10.3 Sodium boiling

70.3.7 Boiling codes and analysis

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

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

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



10.3.2 Laser-Doppler studies

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

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

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

10.3.3 Low power sodium boiling experiment

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

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

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

10.4 Fault detection

10.4.1 Temperature noise studies at Risley

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

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

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

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

10.4.2 Temperature noise studies at CEGB, Berkeley

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

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

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

10.4.3 Acoustic detection of boiling

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

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

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

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

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



10.4.4 Computer-based sub-assembly protection systems

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

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

10.4.5 Pulse-coded logic (PCL) trials

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

10.4.6 Alternative Shutdown System IASD) rod position indicator

An ultrasonic system to give a continuous indication of the position of the CDFR Alternative
Shutdown Rods is being developed. In this system, a high temperature immersed transducer operating
at 600°C located at the bottom of the ASD re-setting tool is to be used both to generate and to
receive the ultrasonic signals reflected by a shaped target on the top of the ASD rod.

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

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

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

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

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

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

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

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

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

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

10.5.3 Experimental studies in small scale Fligs A and B

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



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

10.5.4 Film boiling investigations

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

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

10.6 Sub-assembly faults

10.6.1 Damage tests

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

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

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

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

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

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

10.6.2 Test analysis

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

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

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

10.7 Whole-core accident analysis

10.7.1 General reactor kinetics

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

10. 7.2 Code developments for extreme accidents

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

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



102 10.7.3 FRAX development and application at AEEW

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

10.7.4 Accident code applications

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

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

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

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

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

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

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

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

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

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

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

10.8 Containment loading and response

10.8.1 Studies at AEEW

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

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

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

10.8.2 Code developments at Risley

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

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

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

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

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

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

70.5.7 Debris bed studies at AEEW

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

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

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

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

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

10.9.2 Modelling and analysis

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

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

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

10.10 Structural response and missile impact studies

10. 10. 1 Structural mechanics

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

70. 10.2 Structure response tests

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

10.10.3 Missile studies

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

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

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

A series of experiments in which steel pipes have been impacted by cylindrical missiles has
shown the important influence of the pipe contents on local energy absorption and perforation. In-
ternal pressure (inducing hoop stress around 50% of the yield stress) and the end support system
appears to have little effect on local deformations. Calculations for one of the experiments on an
empty pipe using the finite element codes EURDYN/03 (plate elements) and DYNA-3D (solid elements)
have provided good indications of the extent of local deformation.
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In Concrete) has been developed for describing the behaviour of reinforced concrete targets im-
pacted by soft missiles. Results of calculations using the code have shown good agreement with
experimental results of target deflection and damage.

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

10.11 Reliability data

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

1 1 . REACTOR PERFORMANCE STUDIES

11.1 Neutronics design data

11.1.1 Nuclear physics data

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

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

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

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

11.1.2 Chemical nuclear data and integral data studies

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

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

11.2 Experimental reactor physics

11.2.1 ZEBRA

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

11.2.2 Investigation of pin/plate reactivity discrepancies

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

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

11.2.3 Further analysis of the BIZET experiments

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

11.3 Methods development

11.3.1 COSMOS modular code scheme

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

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



11.3.2 Irradiation-induced distortion of sub-assemblies

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

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

11.3.3 Codes for electrical generation systems assessment

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

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

71.3.4 Improved diffusion theory codes

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

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

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

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

11.4 Neutronic calculations related to the PFR

71.4.1 Subcritical monitoring for the PFR

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

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

11.4.2 Reactivity changes in the PFR

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

11.5 Energy deposition and shielding

7 7.5.7 Energy deposition experiments

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

7 7.5.2 Energy deposition calculations

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

11.6 Engineering analysis

11.6.1 Thermohydraulics of heat exchangers

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

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



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

11.6.2 Primary circuit hydraulic modelling

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

7 1.6.3 Spent fuel transport

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

11.7 Economic and strategic assessment of generating systems

11.7.1 Fast reactor launching strategies

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

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

11.7.2 Use of surplus plutonium in thermal reactors

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

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

11.7.3 Export of surplus UK plutonium

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

11.8 Control and dynamics

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

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

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

11.9 Neutron flux instrumentation

7 1.9.1 Relevant experience from Windscale AGR decommissioning

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

11.9.2 Instrument cables

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



A university contract to investigate contact potential effects on a variety of contact and dielec-
tric materials has now been completed. Although the study has given an insight into the phenomena
of contact charging it has also shown that large variations in magnitude occur and that any measures
intended to control microphony must take such variations into account.
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108 LE DEVELOPPEMENT DES REACTEURS
A NEUTRONS RAPIDES EN FRANCE -
de février 1983 à février 1984

E. BENOIST, L. CHAMPEIX
CEA, Centre d'études nucléaires de Saclay,
Gif-sur-Yvette, France

1 - R A P S O D I E

A la suite de la décision d'arrêt définitif prise en octobre 1982,

trois types d'actions ont été engagées :

- une courte campagne d'essais orientés vers la sûreté appelés

"Essais de fin de vie"

- des opérations de mise à l'arrêt définitif (M.A.D.)

- des opérations de démantèlement.

Durant l'année 1983, le programme nucléaire en Trance a été

marqué par :

- une pénétration du nucléaire atteignant 48% de la production d'électricit

attestant le bon fonctionnement des centrales a eau légère. Ce résultat

est le fruit des efforts poursuivis depuis 10 ans par les différents

partenaires pour la réalisation du programme nucléaire d'EDF.

- et en ce qui concerne les neutrons rapides, le lancement des études

d'avant-projet détaillé d'une centrale de 1500 MWe dont la réalisation

pourrait être lancée après le démarrage de la centrale de Creys Malville,

avec les installations correspondantes du cycle de combustible.

Ce document donne un aperçu général du développement des réacteurs

à neutrons rapides en France durant la période considérée, c'est-à-dire

un bilan en ce qui concerne :

1/ Rapsodie

2/ Phénix

3/ La centrale de Creys Malville (Super Phénix 1)

4/ Le projet d'une centrale de 1500 MWe (Super Phénix 2)

5/ Les études de R et D.

1.1. ESSAIS DE FIN DE VIE

Préalablement à l'exécution de cette campagne, il a été nécessaire

d'effectuer des travaux sur le réacteur dans un double but :

- remettre le réacteur dans l'état où il se trouvait avant la phase

d'investigations ; les ouvertures effectuées ont été rebouchées, les

tronçons de tuyauterie sodium ou azote ont été remis en place, les

protections ont été reconstituées. Lorsque les pièces d'origine n'étaient

pas récupérables, il a été utilisé un métal de même nuance restant de

la construction de RAPSODIE.

- renforcer l'étanchéité de la cuve de sécurité afin de compenser en

partie la perte d'étanchéité (défaut) constatée sur la double enveloppe

de la cuve primaire : une plaque d'acier soudé a condamné la porte de

visite située en partie basse, des boitiers en acier soudé ont obturé

les 8 soufflets d'étanchéité accessibles (sur un total de 16) situés

sous la cuve du réacteur.

Les essais de fin de vie étaient orientés vers deux objectifs

principaux :

- la connaissance du comportement du combustible en début de vie.

L'essai "Nuita-Saint-Georges III" a permis de mesurer en continu

la température à coeur du combustible de 5 aiguilles de caractéristiques

différentes. Des températures de l'ordre de 2000°C ont pu être suivies

pendant plusieurs heures.



L'essai "Fondue/Disco" a consisté à irradier pendant 10 minutes

deux assemblages expérimentaux à une puissance linéique telle qu'une

fraction notable du combustible soit fondue. L'assemblage "Fondue"

comportait 19 aiguilles identiques et avait pour objectif de démontrer

la possibilité de relâcher certaines contraintes sur le dimensionnenent

du combustible SPX 1. L'assemblage "Disco"était constitué de 19 aiguilles

différentes ; l'atteinte de la fusion a ici pour but de permettre l'éva-

luation de la température obtenue en fonction des différents paramètres

de fabrication.

Opérations de manutention

Elles ont pour but de décharger du réacteur tous les assemblages,

les mécanismes de barre et dispositifs de mesure situés dans les fermetures

supérieures du bloc-réacteur et le retrait de composants (pompes,

échangeurs) de leur logement. Ces opérations se déroule;*; en trois phases :

a) Déchargement en sodium des assemblages combustibles et fertiles,

des barres de commande et de leurs fourreaux. Cette opération, entreprise

dès inai 1983, a été terminée au mois de novembre.
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- la qualification des codes d'évolution dynamique du réacteur

sous l'effet des grands transitoires

Après une première phase d'essais réalisés pour caractériser la

réponse de l'installation à plusieurs petits transitoires, une deuxième

phase a permis d'effectuer une série d'essais consistant à laisser la

puissance du réacteur s'étouffer sous le seul effet des contre-réactions

thermiques provoquées par la non-évacuation de la chaleur. Pour le

dernier - et le plus sévère - essai, la puissance de départ était de

21 MWth. Les pompes primaires et secondaires ont été arrêtées, les barres

de contrôle restant en position haute.

La puissance s'est stabilisée â quelques dizaines de kW après

7 minutes. Au cours de cette période, la convection naturelle a évité une

surchauffe tant des circuits que des assemblages combustibles standards ;

le réacteur aurait pu fonctionner à nouveau après un tel essai.

L'ensemble des essais de fin de vie a duré 5 semaines (du 10 mars

au 15 avril 1983) et a correspondu à l'équivalent du fonctionnement du

réacteur pendant une journée à pleine puissance.

1.2. MISE A L'ARRET DEFINITIF (M.A.D.)

A la suite des essais de fin de vie, les opérations de mise à

l'arrêt définitif ont été entreprises ; elles comportent deux volets :

les manutentions et la vidange du sodium des circuits.

b) Déchargement de divers composants : il s'agit en particulier des

mécanismes de barres de commande, de dispositifs expérimentaux et des

pompes et échangeurs du circuit primaire. Ces opérations se sont

poursuivies jusqu'au début de l'année 1984.

c) Déchargement d'un certain nombre d'assemblages nickel et acier.

Le reste sera déchargé en 1985 après lavage de la cuve, cette opération

faisant partie du déclassement.

Vidange

Elle a été effectuée en avril 1983, la cuve mise à part;. Après

vidange de la cuve, l'élimination des poches de sodium existant dans

celle-ci - ce qui nécessite une étude et des moyens particuliers - sera

faite durant le 1er semestre 1984.

Les opération de MAD ont fait l'objet de divers documents

transmis aux autorités de sûreté . Un rapport précisera en particulier

la situation d'arrêt définitif ainsi que les règles générales d'exploi-

tation correspondantes.

1.3. DEMANTELEMENT

Les opérations de démantèlement du réacteur RAPSODIE ont un

double but : expertise et déclassement.

Après examen de la situation, il a été décidé que pour répondre

à ces deux missions, les opérations seraient effectuées en deux étapes.



110 Une première étape correspond aux études et aux travaux sur le

réacteur nécessaires aux expertises et comprend simultanément le début

des opérations de déclassement.

La deuxième étape correspond à la fin des opérations d'expertises

et à l'essentiel des travaux de démantèlement.

Les études correspondantes à ces deux phases - en particulier

celles concernant le lavage du circuit primaire à l'alcool - et le rapport

de sûreté du déclassement ont été entreprises.

Il est envisagé qu'une collaboration internationale s'instaure

sur ces travaux de démantèlement et d'expertise : une demande de parti-

cipation internationale a été présentée dans le cadre de l'OCDE, ainsi

que de la CEE.

Par ailleurs, une étude a montré la possibilité d'une transfor-

mation des circuits secondaires en boucles d'essais thermiques et/ou

hydrauliques. Cette opération sera entreprise prochainement pour l'un

des deux circuits.

2 - P H E N I X

Le fonctionnement de la centrale Phénix, entre février 83 et

février 84 a été perturbé par une 4ème réaction sodium-eau intervenue

sur le générateur de vapeur n°l. Comme pour les deux incidents qui l'avaient

précédée, elle a eu des conséquences limitées sur le taux de charge de la

centrale.

Au début du mois d'août 1983, la centrale fonctionnait avec ses

trois générateurs de vapeur dont tous les modules resurchauffeurs ont été

remplacés.

Le déroulement des cycles de fonctionnement, pour l'année 1983,

est représenté dans le tableau qui suit :

28ème

29ème

cycle

cycle

9.12

9.8.

.82

83

- 25

- 14.

.7

11

.83

.83

JEPP
(-)

89,65

91,44

Taux de disponibilité
pendant le cycle

38

98

38%

59%

(«•) Jours Equivalents à Puissanct de Projet

Le diagramme et le tableau suivants donnent un ensemble des

résultats de fonctionnement de Phénix.

On peut en retenir quelques chiffres significatifs à la date du

1er février 1984.

- La production d'énergie brute depuis l'origine y compris la vapeur vendue

à Marcoule a atteint 12,461 milliards de kWh.

- Le taux de disponibilité, depuis la mise en service industriel le

14 juillet 1974, est de 63,44% et le taux de charge depuis cette date

est de 58,37%.

- Pendant l'année 1983, le taux de disponibilité a été de 58,76». et le

taux de charge de 55,64% (209,74 JEPP).

- A noter le fonctionnement à la puissance nominale, sans interruption du

24 août au 14 novembre, date d'arrêt pour fin du 29ème cycle (soit

81 jours).

PHENIX 1983
STATISTIQUES AU 1.2.198-1

Depuis l'origine

- Energie thermique réacteur

- J.E.P.P. (1) ,

- Energie électriaue brute

- Energie brute (y compris vapeur)

- Energie électrique nette

- Combustion massique max. assemblages

- O.p.a. max. assamDlages Pu

1

12
12
11

H00
2

423

460

565

103

948
133,

830

719

428

500
147

12 JEPP

MWh

MWh

MWh

MWj/t

OpaF



Depuis le U juillet 1974

- Energie thermique réacteur

- J.E.P.P

- Energie électrique brute

- Energie brute (y compris vapeur)

- Energie électriaue nette

- Taux de charge ,

- Taux de disponibilité ,

Pendant l'année 1983

- Energi e thermi que réacteur ,

- J.E.P.P
- Energie électrique brute

- Energie électrique brute (y compris vapeur)

- Energie électrique nette ,

- Taux de charge ,

- Taux de disponibilité

'.]) JEPP : Jours Equivalents à Puissance de Projet

PHENIX 1883-1984
DIAGRAMME OE FONCTIONNEMENT

29

1 174 637 MWj

2 086,39 JE?°

12 183 220 yUn

12 220 109 .uWn

11 342 344 Myh

53,37 \
63,4л \

118 085 W j

209,74 JEPP

1 216 360 MWn

1 218 509 Wh

1 128 969 MWh

55,54 \

53,75 •--.
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RESULTATS SUR LE COMBUSTIBLE

A la fin du 29ême cycle (14.11.83), l'expérience statistique des

irradiations d'aiguilles au plutonium était la suivante :

Sur 106.531 aiguilles irradiées :

90.675 aiguilles ont dépassé 40.000 MW]/t

71.212 " " 50.000 MW]/t

31.093 " " 60.000 MW]/t

14.981 " " 70.000 MWj/t

3.662 " " 80.000 MWj/t

Un assemblage a atteint 100.000 i4VJj/t soit 11,7% du taux de

combustion.

Le taux de dommage des gaines en déplacement par atome (dpaF)

sont les suivants :

90.098 aiguilles ont dépassé 50 dpaF

СП

30.232

62.217

37.344

14.380

9.493

60 dpaF

70 dpaF

80 dpaF

90 dpaF

100 dpaF

7 Я2? -198L

Le maximum atteint est de 146,2 dpaF.

Les composants du coeur font l'objet de nombreuses expérimentations

A titre d'exemple, et pour le 29ème cycle en cours, 34 expériences

d'irradiation sont en cours.

A noter qu'en 1983, sur la cname d'évacuation et de conditionne-

ment du combustible irradié, 58 assemblages (40 fissiles - 18 fertiles)

ont été démantelés et envoyés au retraitement.



INCIDEKTS

Les douze derniers mois ont été marqués par une 4ème réaction

sodium-eau intervenue le 20 mars sur le resurchauffeur du générateur de

vapeur n°l (module n'H).

Cet incident s'est déroulé d'une façon analogue aux incidents

de décembre 1982 et de février 1983. Il a été parfaitement maîtrisé. Les

séquences automatiques et manuelles dont certaines avaient été améliorées

à la suite de la première fuite, se sont déroulées de façon parfaite.

Après cette 4ème fuite et isolement du module en défaut, il a été

décidé de changer tous les modules resurchauffeurs d'origine. Cette

opération a été réalisée sur le générateur de vapeur n°3, du 20 mars au

30 mai, puis sur le générateur de vapeur n°l, du 30 mai au 5 août. Pendant

ces interventions, la centrale fonctionnait avec deux générateurs de vapeur,

donc aux deux tiers de sa puissance nominale.

Le 14 août, la centrale était à la puissance nominale avec des

modules resurchauffeurs remplacés. L'origine de ces fuites n'a pas été

définitivement établie, mais elle pourrait s'expliquer, au moins en partie,

par une mauvaise qualité de vapeur pénétrant dans les resurchauffeurs

au cours de certains transitoires de démarrage, lors de l'utilisation du

circuit de contournement de la turbine; la procédure correspondante a été

modifiée.

L'indisponibilité de la centrale, causée par les quatre fuites

a été de 268 JEPP.

Quelques autres points intéressants :

- A la suite des fissures observées en septembre 1982, sur la bride du

corps de clapet d'une pompe primaire de rechange, les autres pompes

ont été remplacées par permutation, et vérifiées. Aucun défaut n'a été

décelé.

- Une rupture de gaine s'est produite, centrale à l'arrêt, sur un assemblage

en cours de manutention.

- Un module économiseur-évaporateur et un module surchauffeur ont été

prélevés, pour examen, sur le générateur de vapeur n°l : le module

économiseur-évaporateur a été remplacé par un module neuf. Les tubes d'eai

ou de vapeur de ces modules sont en bon état. Des dépôts de magnetite,

relativement importants surtout dans la zone évaporateur (600 g/m2),

ont cependant été constatés sur le module économiseur-évaporateur, à

l'intérieur des tubes eau-vapeur. Une procédure de nettoyage chimique

des étages économiseurs-évaporateurs est en cours d'étude et d'essai.

Le lavage de 1'économiseur-évaporateur du générateur de vapeur n°l est

prévu pour le mois de juin 1984.

Ces dépôts sont certainement à l'origine de la légère dégradation

ae l'échange thermique observée progressivement sur ies générateurs de

vapeur depuis l'origine de la centrale.

- Rappelons aussi l'inocuité de la centrale sur les hommes qui y travaillent

et sur l'environnement. La dose totale intégrée en 1983, par le personnel,

est de 5,98 homme.rem pour 290 personnes, soit 20 mrem par personne et

par an ; les rejets gazeux restent toujours pratiquement nuls (0,37 Ci/]our

- Indiquons enfin que 35 assemblages neufs ont été fabriqués en 1983, et

que de l'autre côté du cycle 40 assemblages de coeur II ont été retraités

par dilution à La Hague et 35, de coeur I à l'atelier SAP de Marcoule

avant arrêt de celui-ci pour transformation (TOR). Depuis l'origine,

19,5 tonnes d'oxyde sortant de Phénix ont été retraitées. Un assemblage

vient d'être mis en pile contenant du plutonium entrant dans son

3ôme cycle.

3 - CENTRALE DE CREYS MALVILLE

(SUPER PHENIX 1)

En 1983, la réalisation de la chaudière SUPER PHENIX aura été

marquée par l'achèvement de la quasi-totalité des montages et la poursuite

des essais individuels des ensembles fonctionnels.
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3.1. LES ETUDES

La mise au point définitive des dossiers de dimensionnement des

circuits et des composants principaux s'est poursuivie tout au long de

l'année 1983.

Les dossiers relatifs à l'autorisation de la mise en sodium de

la première boucle secondaire et de celle du Ыос-réacteur ont été

transmis par NOVATOME-NIRA à NERSA pour communication au Service Central

de Sûreté des Installations Nucléaires (SCSIN).

Celui-ci vient d'accorder cette autorisation.

Le rapport provisoire de Sûreté a été transmis par NERSA aux

autorités de Sûreté fin 1983.

3.2. LA REALISATION

Bloc réacteur

Sur la'dalle, sur les bouchons tournants et sur le bouchon

couvercle du coeur, les montages relevant du Ыос-réacteur ont été achevés

à 95% en 1983, en particulier :

- la mise en place des composants,

- le montage des tuyauteries,

- le montage des protections biologiques.

Deux séries d'essais importants ont eu lieu en 1983 :

- les essais en air des bouchons tournants,

- les essais de résistance du dôme, ou essai-"Enceinte de Confinement

Primaire'̂  Ces essais comprenaient un essai de résistance du dôme à

500 mbar et un essai d'étanchéité à 100 mbar précédé par un essai

complémentaire d'étanchéité de la dalle et des fermetures supérieures.

Manutention du combustible

Tous les essais individuels en air des machines de manutention

des assemblages ont été terminés en 1983.

Les essais individuels a partir du poste de manutention sont en cours

pour le stockage des assemblages irradiés et le sas à tourniquet qui

sert au chargement et au déchargement du réacteur.

Pour les machines de transfert et les bouchons tournants, ces essais

sont terminés. Les essais d'ensemble ont débuté en février 1984 et ont
été achevés à mi-mars.

Tous les essais de la chaine de manutention des assemblages neufs sont

achevés. La chaîne est prête à fonctionner.

Circuits secondaires

Le montage des tuyauteries des quatre circuits secondaires principaux

ainsi que les épreuves d'étanchéité se sont terminés en septembre.

Générateurs de vapeur :

Avec la fin du soudage de raccordement des tubes sur les collecteurs de

vapeur, les opérations de montage des quatre générateurs de vapeur se

sont achevées en septembre. Après les épreuves hydrauliques, les

générateurs de vapeur ont été définitivement fermés, le dernier en

décembre 19S3.

Le balayage en air sec des circuits secondaires a débuté. Il sera

maintenu jusqu'à la mise en azote du circuit avant le préchauffage.

Circuits auxiliaires

Tous les circuits sont termines et en cours de vérifications prélimi-

naires avant essais.

Stockage du sodium

La livraison du sodium a été interrompue en août 1983 après le remplis-

sage du dernier réservoir annexe, environ 4.300 tonnes de sodium ayant

été livrées sur le site.

Environ 1.070 tonnes seront livrées pour achever le remplissage

du réacteur et du barillet.



114 3.3. BILAN ACTUEL ET PREVISION

A l'heure actuelle, seul le montage de l'installation électrique

générale pose encore quelques problèmes de retard.

1984.

La mise en sodium du réacteur est maintenant prévue pour l'été

On prévoit également le couplage et la montée en puissance en 1985.

4 - PROJET D'UNE CENTRALE DE 1500 MWe

(SUPER PHENIX 2)

Au 1er juillet 1983, les études d'avant-projet détaillé de la chaudière

de 3600 MWth du futur surgénérateur "Rapide 1500" ont été engagées par

NOVATOME sur contrat EDF.

Cet avant-projet détaillé doit permettre de présenter en 1986 une

offre pour la réalisation d'une chaudière. Plus précisément, l'objectif

des deux premières années est d'établir le Rapport Préliminaire de

Sûreté, les dossiers de dimensiomement provisoire des principaux

matériels et les spécifications d'équipements provisoires ainsi que

de réviser 1'estimation du coût de la chaudière.

En septembre 1983, le Service Central de Sûreté des Installations

Nucléaires (SCSIN) a transmis à EDF ses directives concernant les règles

de sûreté à appliquer aux futures tranches nucléaires de 1500 MWe

(SIN 5100): sous réserve de certaines recommandations demandant en parti-

culier des études complémentaires, les options de sûreté présentées par

le Maitre d'Oeuvre ont été acceptées.

Les options principales retenues pour le projet sont les suivants :

. un coeur homogène,

. stockage du combustible irradié dans le réacteur autour du cceur.

. suppression du dôme,

. cuve de sécurité ancrée dans le puits de cuve.

. quatre circuits secondaires avec les pompes placées au point bas,

. évacuation de la puissance résiduLle assurée par quatre boucles

de refroidissement comportant chacune un échangeur intermédiaire

plongeant directement dans le collecteur chaud de 1л cuve et un

échangeur sodium-air.

Ces études d'avant-projet défaille ont tout d'abord consisté A

confirmer certaines options concernant notamment la dalle, le dessin des

boucles intermédiaires, celui du système d'évacuation de la puissance

résiduelle et celui de la cuve interne. Les études de fonctionnement

ont été entreprises.

Par ailleurs, des études de dimensionnement ont été lancées sur

les structures et les composants les plus importants : bloc réacteur,

échangeur intermédiaire et générateur de vapeur en particulier.

Les travaux de R et D nécessaires au projet ont été diSfinis

conjointement par NOVATOME et le CEA. Une programmation des actions

permettant la justification de certaines options nouvelles a <5té établie.

Les actions les plus urgentes sont d'ores et déjà prises en charge

principalement par le CEA. La répartition des actions à plus long terme

reste à préciser entre les partenaires concernés français et étrangers.

L'ensemble des études et des actions de R et D est programmé de façon

à permettre l'établissement d'une offre pour la chaudière en 1986.

5 - RECHERCHE ET DEVELOPPEMENT

On donne ci-dessous un bref aperçu de la R et D poursuivie dans

l'ensemble des domaines , d'une part avec l'objectif général de la filière,

d'autre part avec les objectifs particuliers de la Centrale de Creys

Malville et de la Centrale de 1500 MWe.
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5.1. TECHNOLOGIE

Les thèmes ont peu évolué, les travaux les plus significatifs

ont été développés dans les domaines suivants :

a) En ce qui concerne les études de base :

- mécanismes élémentaires et frottement : des essais sont entrepris sur

1'autosoudage en sodium et sur le fottement avec débattement de faible

amplitude ;

- cavitation en sodium : amélioration des lois d'apparition du phénomène ;

- règles de dimensionnement des structures mécaniques : essais de

validation EVASION {fatigue fluage de jonctions soudées), VICTUS

(comportement des tuyauteries) ;

- mécanismes de piégeage et de filtration des aérosols de sodium ;

- étude des mécanismes de purification du sodium : notamment la cristal-

lisation de l'hydrure de sodium ;

- instrumentation : essais sur Phénix d'un dispositif (THETA INTER)

comportant des thermocouples (pour mesurer les fluctuations de tempéra-

tures en sortie d'assemblage) des capteurs à ultra-sons au niobate de

lithium et d'accéléromètres à masse vibrante liquide développés au CEA ;

- étude des lois de stratification en milieu sodium

- physico-chimie en sodium, contamination radioactive du circuit primaire,

lavage et décontamination, corrosion par les produits de la réaction

sodium-eau.

b) En soutien à Super Phénix, ont été effectués, dans le cadre de contrats

avec les industriels, des essais technologiques en sodium (mise au point,

qualification) ainsi que quelques études de confirmation du dimensionnenEnt,

notamment sur les matériels suivants :

- pompes - interprétation des mesures acoustiques faites durant les

essais en eau, préparation de la détection acoustique dans le réacteur,

essais en sodium de la pivoterie par ENEA (Italie)

- structures internes de la cuve - compléments d'études relatives à la

tenue de la virole externe du redan conique

- purification intégrée, fin des essais du prototype

- mécanisme Système d'Arrêt Complémentaire (SAC),mise au point et essais

en sodium

- colonne de séparation sodium-argon ; essais sur prototype

- échangeurs intermédiaires. Calculs thermohydrauliques avec les dernières

versions des codes dans les différents régimes de fonctionnement nominaux

et transitoires et avec des débits déséquilibrés

- générateurs de vapeur : les études de fatigue thermique des tubes et

des joints soudés se poursuivent, une maquette (CATALINA) sera expéri-

mentée sur un circuit de 5 MW dont la construction se termine (station

d'essais technologiques - SET); les études de vibrations du faisceau et

des lyres de raccordement sont terminées, pour l'application à SPx 1.

En ce qui concerne les réactions sodium-eau et en vue de la

qualification des codes, des essais sont poursuivis au CEA et à EDF

sur des petites fuites (circuit GRIGNOTIN et MICROMEGAS) sur fuites

intermédiaires et des grosses fuites (circuit CASTOR).

Pour la détection des fuites,des essais sont poursuivis sur les

sondes à courants de Foucault, la détection d'hydrogène et la détection

acoustique.

Par ailleurs, un Groupe de Prise d'Informations, associant CEA,

NOVATOME et EDF a défini et exécutera lors du démarrage du réacteur, un

ensemble de mesures et d'essais en vue de recueillir le maximum possible

de connaissances utiles pour le développement de la filière. Ce programme

est complémentaire au programme contractuel.

c) Pour le Projet 1500 (Super Phénix 2 ) , un catalogue des actions R et D

nécessaires a été mis au point avec NOVATOMS chargée par EDF de la

réalisation de l'avant-projet détaillé.

Les actions les plus importantes concernent : la dalle tiède

refroidie à l'air, la tenue mécanique du redan simple, le stockage interne

et l'évacuation de la ouissance résiduelle.



5.2. ETUDES DE COEUR

Les études de coeur portent sur quatre chapitres essentiels :

la neutronique du coeur et des assemblages, les études de thermohydraulique

les études de mécanique, la surveillance et prctection du coeur.

Neutronique du coeur et des assemblages

Les études réalisées concernent la définition du coeur de démarrage

et des coeurs successifs de SPX 1, et leur gestion, la définition

préliminaire du coeur SPX 2, la propagation des neutKus et des gammas

(irradiation du sommier).

Par ailleurs sur MASURCA, le programme RACINE sur les coeurs

hétérogènes se poursuit.

Thermohydraulique

Un code de gestion SPX 1 a été développé. Le calcul des tempéra-

tures des tubes hexagonaux a été amélioré. 3e nombreuses études expéri-

mentales ont été effectuées portant sur des mesures hydrauliques et sur

les fluctuations de température.

Mécanique

Les études portent notamment sur le comportement sismique, le

dimensionnement des assemblages, le comportement des éléments absorbants

et la définition d'assemblages à pieds courts (SPX 2).

Surveillance et protection du coeur (SPC)

Les études portent sur :

- Surveillance neutronique : on poursuit le développement sur Phénix

d'un comparateur de chambres à fission haute température ( à КЫК 2 et

Phénix)

- Surveillance des ruptures de gaine : expérience VOLGA RS 5 (simulation

d'une rupture de gaine 316 Ti écroui) ; choix de l'alliage NiU comme

source étalon pour le démarrage de SPX 1

- Surveillance thermique : définition d'une méthode de gestion statistique

des coefficients de bouchage

- Traitement du signal

Par ailleurs, la préparation des essais du démarrage du coeur

de SPX 1 nécessite un effort important.

5.3. COMBUSTIBLES ET MATERIAUX DE GAINE

R et D en soutien de Super Phénix

La validation de l'assemblage combustible retenu pour la première

charge de Super Phénix s'est poursuivie avec succès dans Phénix. C'est

ainsi que parmi les assemblages standards ou assimilés (gaine et tube

hexagonal en 316 Ti écroui), une quinzaine ont été irradiés à une dose

comprise entre 120 et 140 dpaF, sans rupture de gaine et sans échauffement

anormal. On peut considérer comme acquise l'atteinte des perfornances

garanties pour le premier coeur (127 dpaF). Pour la première recharge, le

choix de l'acier de gainage s'est porté sur une autre nuance d'acier

austénitique stabilisé, le 15-15 Ti, plus résistant au gonflement et

possédant une meilleure ductilité en pile ; des résultats encourageants ont

été obtenus puisqu'un assemblage expérimental a été irradié dans Rapsodie

à ISO dpaF et examiné en labo chaud.

R et D en soutien du Projet 1500

Dans le cadre de l'avant pro}et détaillé du prO3et 1500, l'ob]ectif

de dose pour l'assemblage combustible a été confirmé à 220 dpaF avec une

étape indispensable à 180 dpaF. Plusieurs solutions sont étudiées à partir

d'un important programme d'irradiations dans Phénix et d'études technolo-

giques en laboratoire (soudabilité...). Les matériaux envisagés sont :

- pour la gaine : un acier 15-15 Ti, optimisé qui doit permettre d'atteindre

180 dpaF et peut-être plus (réponse vers 1988) des alliages de nickel

et des alliages ferritiques, qui représentent actuellement la meilleure

chance d'atteindre 220 dpaF (réponse à partir de 1986 et 1990).

- pour le Т.н. : la référence est ur. matériau qui gonfle peu, ce qui

permet de dimensionner un coeur "serré". On a de bons espoirs dans la

famille des aciers ferritiques et on poursuit le développement des

aciers austénitiques optimisés. La confirmation de ces choix interviendra

dans l'intervalle 1986-1990.



Un effort important a été consacré à l'étude du comportement

de l'élément combustible en conditions accidentelles.

C'est ainsi que les essais de fin de vie de Rapsodie ont permis

de démontrer :

- l'inocuité d'une fusion partielle (supérieure à 30%) de l'oxyde dans

l'aiguille (expériences DISCO et FONDUE),

- le bon comportement de l'ensemble des gaines du coeur soumises à une

surchauffe momentanée (760°C au maximum).

Par ailleurs, en soutien du programme CABRI, ont été poursuivies :

- l'étude des propriétés mécaniques de l'acier 316 écroui, en conditions

sévères de température (programme EDGAR - INOX),

- l'étude du relâchement des gaz de fission et de leur influence sur la

dispersion du combustible (quatre expériences du Programme SILENE -

synthèse du programme ECLAT).

R et D, Filière

Des progrès significatifs ont été enregistrés dans les domaines

suivants :

. Fin de construction et mise en service du LEFCA (Laboratoire d'Etudes

et de Fabrication des Combustibles Avancés). Les missions de ce laboratoire

d'une capacité annuelle de l'ordre de la tonne de matière fissile,

sont liées aux propriétés et à la fabrication des combustibles oxyde,

carbure et nitrure.

. Elements combustibles présentant des ruptures de gaine : analyse des

causes et mécanismes des ruptures constatées sur assemblages expérimentaux

avec un excellent accord entre les résultats d'examens en labos chauds

et les prévisions des codes de calcul d'endommagement (Code COUAC),

comportement d'éléments combustibles non étanches en conditions de

stockage interne (une rupture de gaine maintenue 300 jours dans Phénix

sans évolution significative).

Connaissance des lois de gonflement des aciers de gamage et de tube

hexagonal à partir d'études fondamentales, d'études de simulation aux

électrons de 1 MeV (étude de l'influence des éléments d'addition) et

des examens en labos chauds de matériaux irradiés.

Connaissance de la thermique de l'oxyde : l'expérience Nuits-Saint-Georges

réalisée avec succès au moyen d'une capsule instrumentée dans Rapsodie

a permis d'étudier la thermique du début de vie d'un combustible

annulaire à une puissance linéaire de l'ordre de 530 W/cm. Les

températures mesurées sont voisines ou plus faibles que celles calculées

par les codes (code ROSACE).

Etude des phénomènes régissant les réactions en"re l'oxyde mixte

irradié et la gaine : des réactions oxyde-gaine (ROG) ont été mises

en évidence dans des aiguilles expérimentales, favorisées par un bon

contact entre combustible et gaine, mais elles ne semblent pas devoir

constituer une butée pour la durée de vie de l'élément combustible.

5.4. MATERIAUX DE STRUCTURE

Pour les aciers de cuve (316 L), l'effort a porté particulièrement

sur :

- l'étude du comportement en conditions accidentelles : essais à tempéra-

tures et contraintes élevées permettant de comparer les ruptures sur

éprouvettes non soudées et sur éprouvettes soudées pour lesquelles le

temps de rupture est divisé par deux,

- l'étude du cumul séquentiel des endoramagements : les premiers résultats

montrent qu'un pré-endommagement en fluage en compression semble avoir

pour effet d'augmenter la durée de vie de l'acier ,

- l'étude de la propagation de fissures sous charges statique et cyclique :

vitesses de fissuration à 55O°C en fluage, fatigue et fatigue-fluage.
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Concernant les aciers de générateurs de vapeur, on peut citer

Les principales actions suivantes :

- expertise des resurchauffeurs de Phénix accidentés, qui a permis

d'appréhender l'origine probable (fluctuations thermiques), la nature et

le mode de propagation des fissures ; on peut raisonnablement espérer

maitriser le phénomène à l'avenir,

- études analytiques visant à étudier le comportement des tubes en

alliage 800 avec en particulier une analyse mettant en évidence les

effets bénéfiques d'un détensionnement des tubes et soudures des G.V.

de Super Phénix 1 qu'il a finalement été décidé de ne pas réaliser,

pour des questions de difficulté de réalisation.

- recherche sur l'utilisation éventuelle de tubes en acier ferritique,

- début d'étude d'un tube de générateur de vapeur à double paroi,

- mise au point d'un procédé de raboutage des tubes de générateur par

faisceau d'électrons : on obtient une bonne compacité de la zone fondue

et l'absence de fissuration dans cette zone et en zone affectée therai-

quement.

Afin d'acquérir une meilleure connaissance des aciers moulés

austénoferritiques utilisés dans les pompes à sodium de Super Phénix,

une caractérisation des propriétés mécaniques est entreprise, sous air,

dans des conditions de fonctionnement normales et incidentelles. Les

résultats les plus récents portent sur le comportement à la fatigue

oligocyclique et mettent en évidence le rôle de la teneur en ferrite et

en azote.

L'étude de l'effet d'irradiation sur les structures

(sommier-bouchon couvercle coeur) se poursuit avec notamment l'irradiation

DINOSAURE dans Phénix (objectif 1 dpaF).

5.5. CONTROLE NON DESTRUCTIF

II faut noter la fin de la réalisation de la machine d'inspection

.MIR (Module d'Inspection des Réacteurs Rapides) destinée au contrôle

ultrasonore et télévisuel des soudures de la cuve de Super Phénix. Les

crémiers essais "à froid" ont commencé.

On a poursuivi également le développement des moyens de contrôle

des générateurs de vapeur :

- détection par courants de Foucault de micro-fissures dans la soudure

de raboutage des tubes : deux types de sondes (sonde globale fixe et

sonde tournante) sont développés en parallèle, couplés avec des outils

informatiques de traitement ;

- meulage interne des bourrelets de soudure des tubes de générateurs de

vapeur : un dispositif par "meule expansive" a été systématiquement

essayé et l'évaluation de l'opération est en cours. Un deuxième dispositif

de meulage "orbital" a été fabriqué et va être essayé.

Les essais systématiques entrepris avec ces petits dispositifs

devront permettre de cerner les paramètres de l'usinage interne et

d'appréhender la limite de validité d'un système uniquement mécanique,

compte tenu de la coaxialité imparfaite des tubes raboutés.

5.6. SURETE

Cabri

Le programme expérimental franco-allemand réalisé sur l'installa-

tion CABRI se déroule normalement avec la participation du Japon, du

Royaume-Uni et des Etats-Unis. Rappelons, qu'il s'agit d'étudier le

comportement du combustible des réacteurs refroidis au sodium soumis à

des excursions rapides de puissance de sévérité croissante. Elles sont

initiées, soit à partir des conditions nominales de puissance et de

refroidissement (essais type A), soit au voisinage des conditions

d'ébullition du sodium résultant d'un arrêt de pompe sans chute des

barres de sécurité (essais t'/рэ B) .

Les essais sont réalisés sur du combustible vierge, puis irradié

à environ 8200 MW]/t (essais AI ou BI), puis ultérieurement avec du

combustible hautement irradié (essais AHI ou BHI).
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Quatre essais ont etS effectues au cours de l'annee 1983 :

1/ essai B13, dans le but d'etudier la dispersion du combustible sous

l'effet de la pression interne des gaz de fission (pas de vaporisation

du combustible) dans un canal vidangiä du sodium de refroidissement.

2/ essai B14, dans le but d'etudier la rupture mecamque de la game,

1'injection de combustible fondu dans le canal partiel lenient vidange

de son sodium sous l'effet de l'Sbullition, et 1'interaction thermique

sodium-combustible qui pourrait en resulter (liberation d'energie

mecanique).

3/ essai B15, dans le but d'etudier la dispersion du combustible sous

l'effet de sa vaporisation partielle et de la presion interne des gaz

de fission dans un canal vidange du sodium de refroidissement sous

l'effet de sa pression de vapeur.

4/ essai A4R, dans le but d'etudier la dispersion du combustible sous

l'effet de sa vaporisation dans un canal toujours rempli du sodium de

refroidissement et 1'influence des structures sur le deroulement du

Phänomene.

Le programme, avec du combustible frais ou faiblement irradie

prevu au contrat s'achevera au debut de 1984 avec la realisation des

essais B16 et A5. Quant au programme avec du combustible hautement

irradie (41.000 MWj/t), il est d'ores et dejä possible de prevoir deux

essais AH1 et BH1 ä la fin de l'annee 1984. La preirradiation des

aiguilles combustibles, dans le reacteur Phenix s'est achevee le 13/11/63.

La preirradiation des aiguilles dans le reacteur anglais PFR a ete

interrompue du fait que le reacteur ne fonctionnait qu'au tiers de sa

puissance nominale.

L'interpretation du programme CABRI est conduite non par experierce

mais par phenomene physique mettant en jeu plusieurs essais. Les

principaux sujets d'etudes gui ont sensiblement progresse en 1983 sont :

- la thennohydraulique avec aiguille irradiee ;

- la thennique du combustible irradie ; tous les partenaires du programme

CABRI se sont mis d'accord sur les valeurs de la conductibilite

thernique de l'oxyde mixte U-Pu et les valeurs du coefficient d'ächange

thernique combustible-game en fonction du taux d'irradiation. Avec

ces nouvelles donnees, 1'accord calcul-expenence est devenu satisfai-

sant en ce qui concerne la fusion du combustible et 1'instant et le

lieu de rupture de la game ;

- la modelisation de 1'interaction combustible fondu-sodium : un nouveau

module a ete ecrit afin de mieux rendre compte des resultats expericen-

taux. II est utilise apres une rupture de game lorsque le sodiun est

encore liquide : il calcule l'e^ection du combustible hors de la game,

1'interaction et l'etat du sodium reagissant ;

- la mode'lisation des mouvements de combustible en canal vid.mge de son

sodium : le probleme peut se decomposer en trois parties : definition

d'un entere de perte de göometrie pour l'aiguille ; cinötique du

mouvement du combustible et gel du combustible ;

- le comportement des gaz de fission sous l'effet d'un echauffement

rapide : 1'amelioration considerable des connaissances en ce dcnaine

a ]ustifie 1'organisation d'un semmaire international ä Cadarache en

septembre 1983 ;

- la description de l'etat des aiguilles avant et apres essai : la

geometrie, la thermique et la description physico-chimique (gaz de

fission...) d'une aiguille combustible irradiee representent une partie

des donnees d1entree du code d'interpretation des essais ;

Scarabee

Dans le domaine des etudes relatives aux accidents tiffectant

le coeur d'un reacteur rapide, l'annee 1983 a etS marquee par la aise

en service du reacteur d'essai SCARABEE ä sa puissance nominale de

fonctLOnnement 85 MW et par la realisation des deux premiers essais d'un

programme de sürete important pour le developpoment des reacteurs futurs.

Ces essais visent ä reproduire au niveau d'un faisceau d'aiguilles

combustibles refroidies par du sodium les effets de 1'accident global

caracterise' par un arret progressif des pompes de circulation du sodium

non suivi oar la chute des barres de



120 - essai APL 1 (Arrêt dePompe Lent) avec un faisceau de 19 aiguilles.

Pour une puissance linéique de 209 H/cm/aiguille, et pour une durée de

l'essai de 100 s (à compter de l'ordre d'arrêt de la pompe), il y a eu

fusion d'environ 50% du combustible ;

- essai APL 2 avec un faisceau de 37 aiguilles. Pour une puissance

linéique de 205 W/cm/aiguille et pour une durée de l'essai de 73 secondes

il y a eu fusion d'environ 25% du combustible. Dans ce dernier cas, les

phénomènes successifs ont été clairement détectés et identifiés au cours

de l'expérience. La coulée des matériaux fondus et leur resolidification

ont complètement obstrué le canal d'essai.

La suite du programme sera orientée en priorité vers l'étude de

l'accident de fusion d'un assemblage (par bouchage en pied) et la

propagation de la fusion aux assemblages voisins.

Sur le plan de l'interprétation, l'activité s'est partagée entre

le développement des modèles et les précalculs et analyses des expériences

APL1 et APL2.

- Le modèle de référence pour décrire l'écoulement du sodium dans un

faisceau d'aiguilles combustibles a fait l'ob]et de nombreuses amélio-

rations suite à l'essai APL1. Les phénomènes physiques successifs qui

apparaissent au cours d'une réduction de débit de sodium ont été décrits

avec beaucoup de précision. Ce travail de modélisation a été accompagné

d'un effort pour optimiser le traitement numérique des équations.

- les modèles de mouvement de gaine de combustible, de gel de combustible

ont fait l'objet de développement pour décrire au mieux les écoulements

gravitaires, leur stabilité, la formation de bains de combustible au

bas du canal et la formation de croûte ;

- l'étude des échanges thermiques au sein d'un "lit de débris" susceptible

de se former sur le récupérateur d'un réacteur rapide en cas de fusion

d'une partie ou de la totalité du coeur, a donné lieu au développement

des modèles de "lits de débris" et de bains bouillants de combustible.

Ils sont utilisés pour la définition du programme "de bains de combus-

tible fondu" à réaliser en pile dans le cadre des études sur les consé-

quences d'un bouchage total instantané en pied d'assemblage ;

- l'étude de la propagation de la fusion d'un assemblage aux assemblages

voisins a été consacrée au développement de modèles qui calcule la

surchauffe des milieux connexes à l'assemblage accidenté et qui calcule

la propagation radiale du combustible fondu vers les 6 assemblages

voisins.

Etudes hors piles

Ac£ident_hvpothétique_ de_fusion_ du_coeur

Les études encore en cours concernent : la phase initiale, la

phase de fusion et destruction proprement dite et la phase de refroi-

dissement post-accident.

En ce qui concerne la phase initiale des études expérimentales

d1ebullition de sodium dans un faisceau de 19 aiguilles (GR 191) ont

permis d'évaluer la puissance maximale évacuable par circulation naturelle

sans fusion de gaines des aiguilles. Les résultats sont très positifs

puisque des puissances de l'ordre de 20% de PU semblent pouvoir être

obtenues.

Au sujet de la phase de destruction proprement dite, le CEA

prépare en liaison avec AERE WINFRITH des essais d'interaction sodium-

combustible fondu avec de la "thermite (UO2, Mo)" afin de comparer les

résultats avec ceux obtenus sur le même dispositif CORECT II avec de

l'UO2 pur chauffé par HF.

Le modèle numérique EXCOBUL décrit les phénomènes de recondensation

de la "bulle" qui réduisent l'énergie mécanique libérée par la détente, le

modèle a été développé sur la base d'essais en eau à petite échelle, il

doit être qualifié grâce à des essais en sodium EXCOBULLE III.

Dans le domaine du refroidissement post-accidentel, les conditions

d'étalement du combustible sur le récupérateur ont été étudiées expérimen-

talement avec des matériaux simulants (particules de cuivre dans de l'eau)

dans le cadre du programme EDULCORE.
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• La simulation hors pile d'un essai de bouchage local instantané en pied

d'assemblage, vient d'être réalisée sur une grappe de 19 aiguilles dans

un boitier hexagonal monté sur le circuit d'essai en sodium CFNa.

L'originalité de cette expérience réside dans le fait que les barreaux

chauffés électriquement qui simulent les aiguilles de combustible

comportent une première gaine en tantale et une surgame en acier. Cette

particularité a permis d'obtenir au cours de l'expérience non seulement

les phases d'ébullition du sodium (vers 900eC) et d'assèchement, mais

aussi la phase de fusion de l'acier des surgaines et sa relocalisaticn

vers l'entrée et vers la sortie du faisceau sous l'effet des forces

d'entrainement exercées par la vapeur de sodium. Un premier examen des

résultats met en évidence un bon accord avec les prédictions relatives

aux phases d'ebullition et fusion des gaines. L'analyse des phénomènes

de relocalisation sera entreprise lorsque les résultats des examens

post-morten seront connus.

Relocalisation de matériaux fondus : programme SIGELCO, expériences de

coulée avec sol/dification réalisée avec des matériaux simulants :

HITEC dans des tubes de verre ou d'acier de 4 mm. Divers essais avec ou

sans fusion à l'interface fluide paroi ont été effectués. Des essais

avec écoulement liquide gaz sont en préparation.

Convection naturelle dans un bain fondu : programme 3AF0ND, les expérien-

ces sont réalisées en simulation avec de l'eau additionnée de nitrate

d'argent parcourue par un courant électrique. Plusieurs élancements de

la cavité cylindrique verticale ont été l'objet de campagne de mesures.

Une extension de ces essais au régime d1ebullition sont prévus (expérience

SEBULON).

f. signaler de plus, deux autres programmes en cours de préparation :

. ECONA pour l'étude de 1'ebullition en convection naturelle dans

un faisceau de 37 aiguilles en sodium

. GEYSER pour l'étude de la relocalisation d'UO2 liquide dans un

tube vertical et 1'injection d'UO2 surchauffé transversalement

à un faisceau.

- La description de l'accident de bouchage total instantané et la démons-

tration de sa non propagation au-delà des six voisins reposwnt sur le

code SURFASS en cours de développement.

D_éfauts_ locaux

A l'aide de l'expérience en sodium CONTACT, on a étudié le point

chaud résultant du contact de deux aiguilles (des expériences en eau ont

été réalisées à Cadarache).

On a développé le modèle CHATE qui permet le calcul des échauffe-

ments causés par le bouchage poreux d'un petit nombre de sous-canaux.

L'adaptation de ce modèle à un bouchage poreux étendu est en cours.

Accident_de_ manutention^

La therŒOhydraulique en sodium fit en gaz d'un assemblage en

puissance résiduelle, en position verticale ou inclinée est l'objet du

programme expérimental FETUNA GR 91 ; il s'agit d'une grappe d'assemblage

fertile à l'échelle 1. Les essais en position verticale et horizontale

ont été réalisés, les inclinaisons intermédiaires sont en cours.

L'interprétation des essais est en cours avec la version 3D

développée en collaboration avec KfK,du code BACCHUS.

Feux de sodium

Ejsméralda_

Après avoir été inaugurée en 1982, l'installation Esn-.éralda

est entrée progressivement dans sa phase d'exploitation opérationnelle.

De nombreuses mises au point se sont avérées nécessaires et ont donc

retardé la réalisation des essais prévus au programme établi conjointement

par CEA, ENEA, EDF, NERSA et NOVATOME. Deux essais ont été menés à bien :

- un feu d'une tonne de sodium sur une surface de 20 m2 dans le local de

l'installation Ssmeralda simulant un bâtiment générateur de vapeur et

dont les lanterneaux supérieurs sont ouverts. Un des objectifs de cet

essai était d'évaluer la quantité d'aérosols rejetés dans l'environnement

- un feu de 5 tonnes de sodium sur une surface de 50 m2 dans le caisson



122 principal d'Esmeralda. L'objectif est d'étudier les conséquences thermo-

dynamiques d'un tel feu survenant dans un bâtiment. C'est le premier essa

d'une série qui doit aboutir à un feu de 70 tonnes de sodium.

Feux_mixtes_ de sodium

Ce type de feu est associé à la rupture brutale d'une canalisation

de sodium dans un réacteur à neutrons rapides. Une fraction du sodium

s'écoule sous forme pulvérisée. Des calculs conservatifs montrent que

l'énergie dégagée dans un local car du sodium brûlant sous forme de

gouttelettes entraîne une élévation de température et de pression très

contraignante pour le génie civil. Afin d'évaluer de manière réaliste les

conséquences d'un tel feu, un programme expérimental a été élaboré. Une

série de sept essais a été effectuée en 1983, dans une enceinte de 3,7 зЗ

et avec une masse de 80 kg de sodium éjecté sous une légère pression à

travers un orifice. Des corrélations ont été établies pour représenter

les échanges thermiques entre les différents compartiments physiques(sodium,

gaz, parois) en fonction du nombre de Reynolds qui caractérise le débit de

sodium à la brèche.

C_omportemerit_àe_s_aérosols_ de sodium

Ce programme vise à déterminer l'évolution de la source en

aérosols d'oxyde de sodium lors d'un feu et à décrire le comportement

des aérosols dans l'enceinte où a lieu la combustion. Par rapport aux

programmes antérieurs, le programme actuel qui a débuté en 1982 et qui

se poursuivra en 1984 vise à décrire les mouvements de convection des

gaz dans l'enceinte et déterminer la cinétique d'émission des aérosols

au cours du feu. Une série de 4 essais a été réalisée en 1983 dans une

enceinte de 4,4 m3 ventilée ou non, avec un feu de 10 :<g environ de

sodium. Ces essais doivent contribuer à la validation d'un code traitant

du comportement des aérosols dans un bâtiment réacteur.

La dispersion dans l'atmosphère des aérosols de sodium a été

étudiée â l'occasion du feu d'une tonne de sodium dans Esméralda.

Interaction^ du_sodium et_du_ béton_

Lors d'une interaction du sodium avec le béton, une quantité

importante de vapeur d'eau et de gaz carbonique est libérée à la surface

chaude du béton et réagit avec le sodium. De nombreuses réactions

chimiques peuvent être considérées. Afin de les analyser, il a été décid;

d'injecter dans une nappe de sodium chaud de la vapeur d'eau avec eu sans

gaz carbonique. Une série de trois essais a été effectuée. Les résultats

obtenus sont utilisés pour la qualification d'un code de calcul des

conséquences thermiques de l'interaction.

5.7. ETUDES PROSPECTIVES

Des études prospectives sur des concepts nouveaux de chaudières

à neutrons rapides ont été conduites à Cadarache en commun avec EDF et

avec la participation de NOVATOHE, Les intérêts relatifs d'options en

variantes ont été évalués ainsi que l'importance des programmes de R et I

qu'ils nécessiteraient.

Plusieurs de ces concepts devraient conduire à des diminutions

de coût notables.

6 - COLLABORATION INTERNATIONALE

II serait difficile de terminer ce panorama de la situation

et de l'évolution du programme pour les neutrons rapides en France,

sans souligner l'importance grandissante de la collaboration international,

en ce domaine. Diverses collaborations, déjà anciennes, qu'il s'agisse

du programme CABRI ou de la réalisation de Creys Malville, sont

évidemment bien connues. Les liens établis avec les partenaires italiens,

puis les partenaires DEBENE, le sont aussi, mais nous pouvons indiquer

qu'un effort nouveau vient d'être entrepris avec ces partenaires pour

harmoniser et coordonner les actions de développement aux besoins des

réacteurs futurs, tels que SPX 2 et SNR 2.

Cet effort prendra une signification accrue avec la nise en

oeuvre des protocoles d'accord qui viennent d'être signés à Paris, au



niveau des gouvernements le 10 janvier 1984, puis à Londres le 2 niars au

niveau des organismes concernés de Grande Bretagne, de RFA, d'Italie,

de Belgique et de France.

Cet effort accru de collaboration des pays européens, renforcé

des compétences et des moyens des partenaires britanuques, constitue très

certainement la meilleure chance d'aboutir, avec une charge supportable

pour chacun, à la mise au point en Europe, des futurs réacteurs

commerciaux, fiables, sûrs et compétitifs, dont il convient de s'assurer

la maîtrise pour l'orée du nouveau millénaire.
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СОСТОЯНИЕ РАБОТ ПО БЫСТРЫМ РЕАКТОРАМ В СССР

НА АПРЕЛЫ984 ГОДА

Э.А. ХОДАРЕВ.А.А. РИНЕЙСКИЙ

Физико-энергетический институт,

Обнинск, Калужская область,

Союз Советских Социалистических Республик

I. агСПЕ?И1.1£НТАЛЬНЫК ШСТРЫЙ РЕАлТО? БР-10

В первом квартале 1963 года на реакторе БР-10 проведен комп-
лекс пуско-наладочных работ. Это позволило приступить к физичес-
кому пуску. 24 мая реактор достиг критического состояния.

В иане - августе проводились исследования физических харак-
теристик при работе реактора на мощности до 10 кВт.

В сентябре-ноябре выполнялись работы по программе энергети-
ческого пуска реактора, направленные на обоснование безопасной
эксплуатации реактора. 18 ноября 1933 года реактор БР-10 ныведен
на мощность 8000 кВт.

При работе реактора на мощности проводился регулярный контроль
активности теплоносителя по запаздывающим нейтронам и газообразных
продуктов деления в защитном газе. После остановки реактора прове-
дены измерения активности продуктов деления в первом контуре. Эти
измерения показали, что активность продуктов деления ьесьма низка
и обусловлена делением урана, которым были загрязнены поверхности
твэл при их изготовлении.

В 1983 году реконструирована внереакторная система обнаруже-
ния дефектных сборок и радиоактивная натриевая петля.

В 1984 году на реакторе БР-10 была продолжена экспериментальная
программа исследований.

2. dKCffiF/ШЕКТМШЙ БЫСТРЫЙ РЕАКТОР БОР-60

Реактор БОР-60 продолжает успешно эксплуатироваться з рекиме
АЭС. аго максимальная мощность определялась в Т'эОЗ году, главным



124 образом, условиями облучения экспериментальных (материаловедчес-
ких и топливных) сборок и достигала 49 иШт. Годовой коэффициент
использования реактора составил 0,62^, что объясняется больший
объемом экспериментальных работ, проводимых на реакторе во время
его остановок.

В 1983 году успешно были завершены три ыикрокампании реактора
и проведены планово-предупредительные ремонты оборудования АЭС с
частичной перегрузкой активной зоны.

Как и в предыдущие годы, плановые остановки реактора не пре-
вышали двух месяцев.

На реакторе продолжаются работы по совершенствованию систем
контроля герметичности оболочек TBC (КТО). В ноябре закончен мон-
таж внереакторной системы КТО и проведен на ней первый этап иссле-
дований. Результаты исследований обрабатываются.

Ресурс работы обратного (натрий в трубках) модульного пароге-
нератора к концу 1983 года составил 10800 часов, из них 60% вре-
мени он проработал с номинальной производительностью. Б 1983 году
специальных экспериментов на нем не проводилось,продолхсаются ресурс-
ные испытания и набор статистики.

Как и в предыдущие годы, на петлях первого контура ;i первой
петли второго контура продолжается эксплуатация центробежных ме-
ханических насосов. К концу 1983 года их ресурс работы составлял
у насоса первой петли первого контура - 64 тыс. часов, у насоса
второй петли первого контура - 86 тыс. часов, у насоса первой пет-
ли второго контура - 90 тыс. часов. 3 1983 году они работали с про-
изводительностью, не превышающей 90% от номинальной, на всех насо-
сах был проведен текущий ремонт и была произведена замена резиновых
колец на уплотнениях вала по газу. На второй петле второго контура
продолжает работать электромагнитный насос, к концу 1983 года ре-
сурс его работы составлял 39 тыс.часов, а его производительность не
превышала 60% от номинальной. Неисправностей и отказов циркуляци-
онных насосов 1-го и 2-го контуров реактора БОР-60 , приводящих к
его простою, не наблюдалось.

Качество теплоносителя в течение года поддерживалось на рег-
ламентном уровне.

3. ДЕМОНСТРАЦИОННЫЙ БЫСТРЫЙ РЗАКТОР Ш-350

В период с I января 1983 года по I февраля 1983 года реактор
продолжал работать на мощности 700 МВт (т). С 13 февраля 1933 года
реактор эксплуатируется на мощности 720 МВт (т) со следующими па-
раметрами: электрическая мощность до 130 МВт

производительность по дистилляту до 1000 кг/с
температура натрия на входе в реактор 233°С

425°С
температура натрия на выходе из
реактора

давление перегретого пара
расход перегретого пара

4,5 МПа
300 кг/с.

Работа основного реакторного оборудования в рассматриваемый период
характеризовалась высокой надежностью и стабильностью. Коэффициент
использования реактора на установленной мощности составлял 0,38.

3 1983 году реактор триады останавливался на плановую перег-
рузку активной зоны и текущий ремонт оборудования.

Уточнение нейтронно-физических характеристик и формоизменения
TBC активной зоны с твэла^и диаметром 6,9 мм дало возможность от-
корректировать программы перегрузок TBC активной зоны и экранов,
усовершенствование органов СУЗ позволило увеличить длительность
работы между перегрузками. Повышено выгорание топлива в ЗыО на 10$,
в ЗБО на 20%.

После перехода на TBC с твэлами диаметром 6,9 мм в 1Э79 году
число разгерметизаций твэлов по газу сократилось примерно на по-
рядок (-несколько негерметичных твэлов на коней микрокампании). Вы-
хода топлива из твэлов в теплоноситель не наблюдали. Снижение чис-
ла негерметичных ТБЭЛОВ В активной зоне и очистка теплоносителя
первого контура привели к уменьшению мощности дозы с поверхности
оборудования более чем в 3 раза.

Система контроля подкритического состояния реактора позволяет
следить за перегрузкой отдельной TBC актизнэй зоны, т.е. она спо-
собна фиксировать изменение реактивности менее 0,0005 к/к при под-
критичности 0,035 лк/к. ТОЧНОСТЬ расчета критических параметров
после перегрузки составляет 0,001 Дк/к, что эквивалентно замене



одно:! TBC активной зоны на TBC экрана. Высокая точность расчетного
прогноза достигается благодаря учету изменения таких параметров,
как эффективность стержней СУЗ в процессе работы реактора, изотоп-
ного состава ТЗС активной зоны и бокового экрана при проведении
перегрузки, нептукиевого эффекта реактивности, температурного сос-
тояния и критических параметров реактора перед началом перегрузки.
Чистота натриевого теплоносителя на БН-350 поддержиБается работой
холодных фильтр-ловушек. Температура забивания в петлях второго
контура поддерживается 120-140°С. Содержание примесей анализируется
отбором проб пробоотборниками.

Исполнительные механизмы СУЗ и оборудование, обеспечивающее
Еыгрузку отработавшего и загрузку свежего топлива (поворотные
пробки, механизм перегрузки, элеваторы и др.), работали без сущест-
венных замечаний. Измеряемые усилия извлечения и постановки Т5С в
гнезда напорного коллектора не превышают расчетных величин.

Успешно проработал в течение 1,5 лет в реакторе ЕН-350
опытный образец стержня ТК-ловушки без снижения эффективности.
Стеркень содержит поглощающий элемент из окиси европия и замедля-
ющие элементы с гидридом пиркония 17 мм. Эффективность стериня
составила 1,2 в сравнении с эффективностью стержня таких не габа-
ритов традиционной кассетной конструкции с карбидом бора 60?о.

В 1983 году произведена очередная замена гильз СУЗ. Гильзы
были извлечены с расчетными усилиями.

В 1983 году выгружены из активной зоны экспериментальные ТЗС
со смешанным топливом. Извлеченные ТЗС Еыдержизаются.

За время работы реактора не было случаев нарушения межконтур-
ной плотности и протечек натрия из I контура.

На Есех натриевых петлях первого контура обратные клапаны
заменены модернизированными, что обеспечивает безопасное отключе-
ние одной из работающих петель без остановки реактора быстрой ава-
рийной защитой. Установленный ресурс 55 тыс.ч. отработан всеми
циркуляционными насосами первого контура.

Четыре штатных парогенератора работают последние шесть лет
стабильно. Замечаний по работе двух микромодульных парогенераторов
нет. Время наработки парогенераторов ЕН-350 в часах составило:

ПГ-1 ! ПГ-2 ! ПГ-3 !Надежноеть-2!Надежность-1! ПГ-б

Радиационная обстановка на реакторе соответствует приаеденноЛ
в нашем прошлогоднем обзорном докладе.

4. АЭС EH-ÔOO

В 1933 году реактор БН-600 , в основном, устойчиво работал на
мощности 95-100% от номинального значения. График работы третьего
блока БАЭС (БН-600) в 1983 г. приведен на рис.1. БН-600 три раза
останавливался на плановую перегрузку TDC и планово-предупредитель-
ный ремонт. Снижение мощности БН-600 в коние мая было Еызвано отклю-
чением двух турбогенераторов из-за нарушения газовой плотности в них.
Снижение мощности реактора 20 ноября 1983 года обусловлено отключе-
нием одной из петель в плановый ремонт.

Основные технико-экономические показатели блока '.Ь 3 БАЭС за
1983 г. и за весь период с начала его эксплуатации приведены в
таблице I.

Таблица I.

Основные эксплуатационные характеристики БН-600

Ж' ! Наименование
п/п!

! Единица ! !С начала эксп-
! измерения! За 1983 г.!луатации (на
! ! !1.01.о4 г . )

1. Общая выработка тепло-

вой энергии

2. Количество эффективных
суток работы на полной
мощности.

3 . Выработанная электро-
энергия

4. Коэффициент нагрузки
(КИУи!)

5. Коэффициент использова-

МВт-сут. 334993 I0672I2

эф.суток 261.9

млрд.квт.ч.3,77

125 700С0 60000 63000 12200 30000 66000
ния установки сраб.100

кал

al
/о

al
ю

71,6

77,6

725

10,43

53,2

70,1



126 Основное оборудование блока работает надежно. На I апреля
1984 г. парогенераторы и турбогенераторы отработали от 22000 до
234С0 часов, а насосы первого и второго контура от 2В700 до ЗОоОО
часов.

3 активной зоне реактора ЕН-600 ещё со стартовой загрузко.1
был измерен асимптотический температурный коэффициент реактивности,
среднее значение которого в интервале температур 220-380°С соста-
вило- 3,6 х 10~° к/к/°С и значительно отличалось от.расчетного зна-
чения, полученного на проектной стадии, составляющего в зависимости
от положения стержней компенсаторов реактивности (КС) -(2,1-2,3)«
•10~° к/к/°С. Полученные расхождения,повидимому, обусловлены отно-
сительным перемещением элементов конструкций реактора при его разо-
греве и, в частности, перемещением стеркней КС относительно актив-
ной зоны.

К настоящему времени получен полный мощкосткои эффект реак-
тивности. По предварительной опенке он составляет -(1,1+0,1)$ к/к.
Расчетное значение в зависимости от моделей аксиального арсширения
активно:! зоны, предсказанное на основе опыта БН-ЗоО, составлпет-
(0,72-0,37)$ к/к. Повидимому, одна из причин•расхождения расчет-
ных и экспериментальных данных связана с тем, что в расчетах не
учитывалось перемещение стержней регулирования относительно актив-
ной зоны вследствие теплового удлинения штанг приводов.

Потеря реактивности, измеренная за первые 100 эф.суток работы-
реактора, оказалась достаточно близкой к расчетной /-(0,007+ 0,0003)

к/к /мес и - 0,065 к/к/мес..соответственно/.
Все вышеприведенные небольшие отличия действительных харак-

теристик от проектных не влияют на нормальную эксплуатацию реактора.
Зо время ППР в 1983 г. на установке ЕН-600 были выполнены

следующие основные работы:
- перегрузка TBC, гильз и стержней СУЗ;
- приведение оборудования и трубопроводов третьего контура в соот-

ветствие с "Правилами устройства и безопасной эксплуатации обо-
рудования и трубопроводов АЭС";

- ревизия и ремонт насосов;
- замена уплотнений вала по газу (УЗГ) на главных циркуляционных
насосах первого контура;

- химическая промывка парогенераторов одной из петель;
- капитальный ремонт одной из турбин;

- капитальный ремонт всех электрогенераторов;
- реконструкция системы надежного питания;
- капитальный и текущий ремонт арматуры;
- монтаж недостающих модулей ОП и ПП (основных и промперегревателеЛ).

5. AÔC БН-300 и EH-I600

Как уже сообщалось, АЭС Ш-800 является модернизированным ва-
риантом ЕН-600. За счет более рациональных конструкторских решений
удалось, не изменяя габаритов корпуса, промежуточных теплообменни-
ков и других элементов, увеличить тепловую мощность с J.470 МВт до
2100 Ш т и электрическую - с 6С0 ЫВт до 800 ÙI3T. Наиболее сущест-
венные изменения произошли в пароэнергетической части АЭС - приме-
нение одной турбины вместо трех, замена натриевого промперегрева
пароЕым.

Продолжаются проектные, конструкторские проработки и расчетно-
теоретические исследования по усовершенствования проекта АЭС ЕН-
IG00 в направлении повышения его технико-экономических характеристик.
3 частности, рассматриваются и сравниваются между собоЛ различные
варианты активных зон. Наряду с разработкой мероприятии по снижению
стоимости оборудования, рассматриваются различные пути снижения зат-
рат на ТОПЛИЕО, особенно на начальном этапе ввода быстрых реакторов.
Кроме того, з процессе длительной эксплуатации реактора могут сущест-
венно измениться цены на уран из-за исчерпания запасов дешевого сырья,
затраты на регенерацию и изготовление топлива благодаря совершенство-
ванию технологии в условиях массового производства, равно как и стои-
мость сооружения АЭС и изготовления оборудования. Поэтому подходы к
оптимизации характеристик ЕР вообще и,особенно, активных зон могут
пересматриваться даже за срок службы реактора. Мы пришли к пониманию
этого вопроса в том плане, что разрабатываемые з настоящее время го-
ловные образцы мощных серийных бридеров должны по возможности иметь
универсальную конструкцию центральной части реактора с тем, чтобы за
срок службы была предусмотрена возможность изменения в определенном
направлении конструкции активной зоны и характеристик ТОПЛИЕНОГО цик-
ла. Большое значение придается выбору ещё на стадии проектирования ре-
актора оптимальных вариантов активных зон в соответствии с программой
развития атомной энергетики, топливной базы и внедрения быстрых реак-
торов. Б связи с этим обсуждаются варианты активных зон как для началь-
ного, так и стационарного этапов развития быстрых реакторов.



6. ВОПРОСЫ ОЧИСТКИ НАТРИЕВОГО ТЕПШЮСИТЕЛЯ
ОТ РАДИОАКТИВНЫХ ПРОДУКТОВ

Исследовались методы очистки натриевого теплоносителя АЭС от ра-
диоактивных примесей, проведено сравнение их технических характерис-
тик. По предварительным данным наиболее перспективными являются сорб-
иионные методы, отличающиеся высокой эффективностью, малыми размерами
устройств, простотой их обслуживания. Эксперименты по очистке натрия
от цезия, проведенные на реакторах БОР-60 и БР-5, позволили разраос-
тать и испытать несколько вариантов адсорберов иезия. Их испытания под-
твердили высокую эффективность, мощность дозы гамма-излучения в боксах
первого контура была снижена примерно в три раза в каждом опыте. После
очистки на реакторе БР-IO вклад в мощность дозы от радионуклидов иезия
стал в 5 раз меньше вклада от продуктов коррозии и на порядок меньше
вклада натрия-22. Очистка теплоносителя позволила снизить концентрацию
цезия -137 в 18 раз.

Предложена методика оценки экономической эффективности очистки
теплоносителя от радиоактивных примесей, основанная на определении
затрат на выработку электроэнергии в результате снижения стоимости
ремонтных работ, сокращения простоев станоии и повышения глубины вы-
горания топлива при удалении радиоактивных продуктов из контура АЭС.
Оценки показывают, что затраты на очистку натриевого теплоносителя
установки БОР-60 сорбциончым методом в 10 раз ниже затрат на его
замену.

7. ОБЩИЕ ПОЛОЖЕНИЯ ОБЕСПЕЧЕНИЯ БЕЗОПАСНОСТИ АЭС

В июле 1982 г. утверждены "Общие положения обеспечения безопас-
ности атомных станций при проектировании, сооружении и эксплуатации
(ОПБ-82)". Они введены взамен общих положений обеспечения безопас-
ности А Х , действовавших с 1973 г.,и опубликованы в журнале Атомная
энергия,т.54,вып.2, февраль 1983 г. Документ состоит из пяти разде-
лов: общие положения, требования безопасности, предъявляемые к атом-
ной станции и её системам, обеспечение безопасности АС при эксплуа-
тации, дополнительные требования по безопасности для АС с реакторами
разных типов и назначений, основные определения.

"Общие положения" обязательны для применения на атомных станци-
ях с реакторами всех типов, для которых на момент введения "Общих
положений" в данной редакции ещё не утверждены технические проекты
АС.

В проекте АЭС должны быть предусмотрены технические средства и
организационные меры, обеспечивающие безопасность при любом из учи-
тываемых проектом исходном событии с наложением одного, не зависи-
мого от исходного события, отказа любого из следующих элементов сис-
тем безопасности: активного элемента или пассивного элемента, имею-
щего механические движущиеся части (например, обратные клапаны).

В проекте АЭС с реакторами Ш в качестве максимальной проектной
аварии (МПА) долина рассматриваться независимо друг от друга одна
из двух аварий:

- аварийное разуплотнение трубопровода первого контура, не имеющего
страховочного кокуха;

- аварийное сужение или перекрытие проходного сечения в отдельной
TBC за счет распухания, оседания примесей из теплоносителя или по-
падания посторонних предметов, приводящее к снижению расхода теп-
лоносителя через эту ТЕС и к повреждению, разрушению или плавлению
твэлов в ней с распространением повреждений на один ряд окружаю-
щих TBC.

В проекте должно быть обосновано, что не происходит расплавле-
ния или разрушения активной зоны, приводящего к образованию крити-
ческой массы, если дополнительно к отказам, указанным в вышеупомя-
нутых общих положениях, возникает отказ ещё одного активного уст-
ройства (элемента) безопасности.

3 технологических помещениях, содеркащих оборудование с радио-
активным натрием, должно исключаться размещение уплотняющих узлов
водяных систем (сальников, фланцевых узлов и т.д.). Как исключение,
допускается расположение в помещениях с натрием уплотняющих узлов
ЕОДЯНЫХ систем, снабженных герметичными страховочными кожухами. Чув-
ствительность системы, контролирующей подкритическое состояние ак-
тивной зоны реактора при штатных режимах перегрузки, должна быть не
менее величины, необходимой для обнаружения удаления из активной зоны
одного органа воздействия на реактивность.

3. АНАЛИЗ ГЛПОТЭШЧЕСКИХ ПРОЕКТНЫХ АВАРИЯ

Применительно к реакторам БН-350 и ЕН-6С0 рассмотрена ава-
рийная ситуация с выходом из строя главных циркуляционных насосов
с одновременным отказом аварийной защиты. Большинство специалистов
в наиел стране рассматривают такую аварию как гипотетическую, тем



12В не менее, для гипотетической аварии з соответствии с общими положе-
ниями обеспечения безопасности АЭС необходимо предусмотреть защиту
персонала и населения.

Анализ показал, что в БН-350 при отключении насосов первого
контура и переходе в режим естественной циркуляции подогрев натрия
з конечном стационарном состоянии в 3,8 раза выше исходного значе-
ния. Это означает, что при неизменной входной температуре на выходе
из активной зоны установится температура 920°С ( температура кипения
натрия 960°С).

Для реактора Ш-600 (постоянная выбега насосов 6с) конеч-
ный подогрев натрия в 2,7 раза превышает исходное значение, что
при неизменной входной температуре соответствует температуре на
выходе из активной зоны приблизительно 970°С .Расчеты показывают,что
при отключении насосоз и отказе аварийной защиты натрий на выходе из
активной зоны реактора БН-600 закипает через 26 с. По прс^ктному
алгоритму при срабатывании БАЗ в активную зону вводятся стерьски
аварийной защиты (A3), одновременно в неё погружаются и стержи
автоматического регулятора (АР). Непредвиденные в проекте пе-
рекосы и деформации, могущие возникнуть,например, при сильных
землетрясениях, трудно преодолимые для стержней А3#е должны
помешать вводу в активную зону стержней автоматического регуля-
тора, так как они с сам̂ -ого начала частично введены в активную
зону, а при срабатывании БАЗ погружаются в неё электродвигате-
лем. Если считать, что рабочий стержень АР находится в средней
части активной зоны, а также учесть положительные гидродинами-
ческие эффекты реактивности, то за счет запаса реактивности,ко-
торый можно использовать для снижения мощности, отклонение тем-
пературы на выходе из активной зоны уменьшается на 200-300°С.
При этом конечная температура равна 700°С для БН-350 и 650°С
для БН-600^независимо от расхода естественной циркуляции, если
только этот расход позволяет без превышения указанной темпера-
туры снять мощность остаточного энерговыделения..Как показывают
расчеты и опыт эксплуатации, такой расход в первом контуре мо-
жет быть обеспечен. В нестационарных процессах, протекающих при
отключении насосов, достигается, конечно, высокая температура,
но,все-таки, она остается ниже температуры кипения натрия и для
предотвращения кипения натрия в реакторе БН-600 при выходе из

строя главных циркуляционных насосов с одновременным отказом
аварийной защиты достаточно введения в активную зону одного сте-
ржня АР.

Более того, полное отключение насосов с переходом реактора
в режим естественной циркуляции можно связать только с прекра-
щением энергоснабжения установки. Но в установках БН-350 и
БН-600 предусмотрены автономные источники электроснабхения-ди-
зель-генераторные станции, которые в состоянии питать двигате-
ли главных циркуляционных насосов при работе их на пониженных
оборотах. Поэтому для указанных реакторов отказ аварийной защи-
ты можно связывать скорее с переводом насосов на пониженные
обороты, чем с полным их отключением. При этом температура на
выходе из активной зоны реактора Ш-600 не достигает температу-
ры кипения и без ввода в неё каких-либо поглощающих стержней.

Разработана программа "Локал", расчитывающая импульсы дав-
ления, напряжения и деформации в чехле TBC быстрого реактора при
взаимодействии расплавленного топлива с теплоносителем, по кото-
рой проведены расчеты для TBC быстрого энергетического реактора.
Сравнительный анализ работоспособности шестригранных чехлов ТЕС
большого энергетического реактора двух типоразмеров- размером "под
кл;сч" 100 мм и 150 мм и толщиной стенки 2 мм и 4 мм, соответственно,
показал, что при одинаковых импульсах давления перемещение стенк.1
чехла большего размера происходит с несколько меньшей амплитудой, но
с примерно в 2 раза большей частотой. Проведен анализ работоспособ-
ности шестигранного чехла TBC большого энергетического реактора при
различных масштабах аварии. Показано, что расплавление одного твэла
не Елечет за собой разрушения чехла, в то время, как при более значи-
тельных масштабах аварии, захватывающей половину и все сечение, воз-
можно нарушение целостности чехла.

9. ЭКСПЕРИМЕНТАЛЬНЫЕ И РАСЧЕТНЫЕ '/1ССЛЕД03Ж1Л
9.1. Работа на критических-сборках и исследования по физике

реакторов

На стенде &5С-2 продолжались исследования модели гетерогенной
активной зоны энергетического реактора с металлическими внутренними
зонами воспроизводства - сборки &JC-46, состав и размеры которой
были приведены в нашем обзорном докладе за прошлый год. На первом



этапе исследования, который закончился в начале 1983 года, модели-
ровалось состояние реактора после перегрузки,т.е. в состоянии, когда
но внутренних зонах воспроизводства ещё не накоплен плутоний. На
втором этапе исследований изучались нейтрокнс-физические характерис-
тики модели реактора. 3 коние испытаний - моделирование накопления
плутония.

Измеренные и расчитанные коэффициенты воспроизводства для плу-
тониевой части активной зоны, включающей внутренние зоны воспроизвод-
ства, совпадают в пределах экспериментальных погрешностей (+_ 0,С4)
и расчетная величина выше на 0,015.

Натриевый пустотный эффект реактивности измерялся в нескольких
точках по радиусу активной зоны критической сборки KC-4S. Он сильно
меняется по зонам. Расчетные данные оказались более положительными
для внутренней зоны воспроизводства, практически совпали с измерен-
ными величинами в первой кольцевой зоне со смешанным топливом и были
менее положительны в кольцевой зоне воспроизводства и второй кольце-
вой зоне со смешанным топливом в сравнении с измеренными величинами.

На стенде BX-I завершен цикл исследований,направленный
на проверку имеющихся возможностей расчетных программ описы-
вать различные гетерогенные эффекты, связанные с конструкцион-
ными особенностями быстрых критических стендов ( гетерогенная
структура ячеек). Как мы уже отмечали в наших предыдущих об-
зорах, вначале на стенде была смонтирована критическая сбор-
ка из труб с таблетками Б$С (сборка БФС-45А), центральная часть
которой моделировала по составу зону малого обогащения реактора
БН-600. В центре критсборки был измерен традиционный набор ин-
тегральных характеристик (отношения средних сечений, отношения
коэффициентов реактивности, натриевый пустотный эффект реактив-
ности и др.). Затем в центре критсборки диаметром 50 см трубы
с таблетками были заменены реальными топливными сборками зоны
малого обогащения реактора БН-600 (сборка ШС-45Б). Сравнение
измеренных и расчетных величин как в случае гетерогенных ячеек,
так и случае реальных тепловыделяющих сборок, позволяет сделать
вывод, что имеющиеся в настоящее время расчетные программы уве-
ренно оценивают гетерогенные эффекты, связанные с конструктив-
ными особенностями быстрых критических стендов.

На критстенде БФС-1 начаты измерения коэффициентов реактив-
ности ряда нуклидов,входящих в состав осколков деления с целью
уточнения сечений поглощения.

На стенде КОБРа продолжались исследования по уточнению ядер-
ных констант ( в основном, сечений захвата) конструкционных ма-
териалов (железо,хром,никель .молибден) на вставках с K^r^I
(сборки КБР-9,КБР-Ю с разными энергетическими спектрами).

В рамках двустороннего сотрудничества с ЦИЯИ (ГДР) был вы-
полнен ряд работ по измерению центральных коэффициентов реактив-
ности осшлляторным методом, в том числе несколько работ мето-
дического характера по определению пространственных эффектов.

Подведены итоги программы экспериментальных исследований
по изучению составляющих баланса нейтронов в урановом и уран-
плутониевом топливе. Баланс нейтронов изучался в достаточно бо-
льших центральных вставках критических сборок, состоящих из ме-
таллического урана и плутония и из двуокиси и имеющих состав,
обеспечивающий К

о 0
= I (анализ сборок Б<5С-38,Б$С-41,Б5С-42).

Концентрация конструкционных элементов (келеза,никеля и др.) в
этих сборках не превышала 60-70?£ концентрации урана, и влияние
их на баланс было несущественным. Анализ показал, что учет ин-
тегральных экспериментов в расчете мало изменяет величину KB,
получаемую по версии БНАБ-78. Это позволяет утверждать, что рас-
чет по версии БНАБ-78 дает небольшую погрешность в KB и при пере-
ходе к другим видам топлива.

На реакторе БН-350 с первым типом загрузки актианоЛ зоны
несколько лет назад проводились эксперименты, связанные с ис-
следованием различных характеристик отработавшего топлива, в
частности, его выгорания, накопления Е нем плутония, и опреде-
лением изотопного состава оставшегося урана и накопившегося
плутония. Исследования проводились как с топливом отработавших
твэлов ЗМО и ЗБо, так и с помощью образцов -свидетелей, имею-
щих тот ~*е состав топлива, что и исследуемые твэлы. Образны
облучались внутри соответствующих TBC. Специально разработан-
ная гравирадиохимическая методика исследования отработавшего
топлива, дополненная масс-, альфа-, гамма- спектрометрическими
измерениями, позволила получить эти характеристики с достаточ-
но высокой точностью и надежностью. Получена экспериментальная
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130 величина для плутония-239. В зоне большого обогащения экспери-
ментальное значение плутония-239 достаточно хорошо совпадает,
а в зоне малого обогащения эта величина превышает расчетное
значение на 12$.

Трехмерная малогрупповая программа TRIK2X использовалась
для анализа последних экспериментальных данных, полученных на
реакторе БН-350 ( »критичность, распределение полел энерго-
выделения ).

Ряд программ ( в том числе, основанных на методе икэнте-
Карло) использовался для анализа международного теста "СЛЭШ-А"

Проведено сравнение одногрупповых сечениЯ деления и ра-
диационного захвата актиноидов в центре активной зоны тесто-
вой двумерной модели быстрого реактора с аналигочными данными
Комитета по физике реакторов Агенства по ядерной энергии,
используемые в Ф5И константы сечений деления и радиационного
захвата основных актиноидов в целом хорошо согласуются с
последними оценками EimF/B-V, J3IIDL-2 . Отмечен разбрзс
в данных для Am -242 и изотопов кюрия.

9.2. Теплогидравлические исследования пучков
твэлов и TBC

Продолжались исследования полей скорости и температуры в
модельных сборках кассет твэлов быстрых реакторов при частич-
ном перекрытиям (блокировке) проходного сечения сборок и дефор-
мации решетки твэлов, вызванной параллельным смещением твэлов
по всей длине.

Блокировки проходных сечений кассет твэлов вызывают изме-
нение полей скорости, давления и температуры в кассетах. В об-
ласти блокировки происходит перераспределение расхода и давле-
ния в потоке, возникает рециркуляционное течение за блокадой.
Это сопровождается ростом гидравлического сопротивления и,соот-
ветственно, уменьшением расхода теплоносителя через кассету.
Торможение потока обусловливает рост общего подогрева теплоно-
сителя. Ухудшение теплосъема приводитк резкому росту температу-
ры в области блокады.

На основании проведенного анализа результатов эксперимен-
тальных и расчетных исследований полей скорости и температуры

в сборках тзэлов с частичным перекрытием проходного сечения по-
казан диапазон значений длины рециркуляционной зоны за блока -
дой, получены оценочные соотношения для изменения расхода теп-
лоносителя в кассете в зависимости от доли блокированного сече-
ния кассеты и для перегрева теплоносителя за блокадой в зависи-
мости от реяимных параметров и доли блокированного сечения.

Вместе с тем, имеющиеся данные позволяют провести лишь гру-
бые оценки теплогидравлических характеристик блокированных кас-
сет "гладких" твэлов (стергшей). Необходимы дальнейшие подроб-
ные исследования блокированных сборок твэлов с дистандаонирую-
щими проволочными навивками, используемыми в быстрых реакторах.

Вопросы неравномерностей температуры твэлов и горячих пя-
тен, возникающих при деформации каналов кассеты,непосредственно
связаны с надежностью эксплуатации реакторов. Наиболее подвер-
жены деформации пристенные твэлы (боковые,угловые), на которых
используется дистанционирующая проволока в два раза меньшего
диаметра, чем на центральных твэлах. Это создает возможность
смещения пристенных твэлов вдоль периметра обечайки,по крайней
мере, на половину зазора между твэлами. Исследования распределе-
ния проходных сечений ячеек штатных кассет твэлов быстрых реак-
торов Ш-350 и ЕН-600 свидетельствуют об отклонении проходных
сечений периферийных ячеек от номинальных величин

Проведенные экспериментальные ИССЛЯДОЕПНИЯ полеР темпера-
туры модельных сборок твэлов быстрых реакторов при одиночном
и групповом смещениях имитаторов твэлов позволили получить фор-
мулы для оценок максимальных неравномерностей температуры твэ-
лов в условиях деформации решетки.

Выявлено,в частности, что одиночное смещение твэлов быст-
рых реакторов по всей длине на половину зазора между твэлами
(кассеты с проволочной навивкой на твэлах и с вытеснителями)
приводит к увеличению неравномерностей температуры боковых твэ-
лов в 1,5 - 2 раза по сравнению с номинальным вариантом.

Эффекты более значительны для систем гладких ТЕЭЛОВ (неко-
торый гипотетический случай): для центрального твэла неравно-
мерность температуры увеличивается в 7,5 раз, а бокового
в б раз при касании твэлов друг с другом по всей длине. Тепло-
отдача при этом уменьшается -* в 3-7 раз ( по сравнению с номи-
нальным вариантом) при изменении числа Пекле в интервале 10 ^
Ре ̂  450.



Неравномерность температуры при смещении трех гладких твэ-
лов до касания друг с другом по всей длине в характерных зонах
шестигранной кассеты без вытеснителей (зоны центрального,боко-
вого и углового твэлов) превышает неравномерность при одиночном
смещении твэла на~7О5? в боковой зоне и на (25-50)55 в угловой
зоне.

Исследования температурных полей твэлоз при деформапии ре-
шеток твэлов, вызванной изменениями проходных сечений ячеек TBC,
преследуют цель получения необходимого фактического материала
для разработки надекной методики расчета горячих пятен с исполь-
зованием статистических закономерностей по распределению про-
ходных сечений ячеек в кассете.

9.3. Теплогидравлика парогенераторов

На однотрубных моделях парогенераторов, обогреваемых жид-
ким металлом или электрическим током, исследовались колебания
температуры стенки в зоне кризиса теплоотдачи и колебания тем-
пературы стенки при подаче в участок потока воды с пульсирующим
расходом. В зоне кризиса стандартная величина отклонения тем-
пературы, отнесенная к перепаду температуры на стенке, составля-
ет 10-20% и уменьшается по мере увеличения массовой скорости
воды (данные получены при массовых скоростях 300-900 кг/м с и
давлениях 7,8 - 13,7 Ш а ) .

Получены данные и рассмотрены особенности теплообмена в
зоне кризиса при малых (̂ >w--5Q0 кг/м с) скоростях воды. Пред-
ставлены эмпирические зависимости для ij-

 K
 в трубах с внутрен-

ним диаметром II мм для давлений 11,7-15,7 ЫПа и массовых ско-
ростях 100-1 000 кг/м

2
с.

Эксперименты с пульсациями расхода проведены при давлениях
9,3; 13,7 и 17,6 МПа, средних скоростях 300-300 кг/м с, относи-
тельных амплитудах колебаний расхода на входе в участок 0,5-0,9
и частотах O,I-Cj27 гп. 3 режимах без кипения имели место неболь-
шие колебания температуры стенки, которые прекращались в момент
кипения. Интенсивные колебания температуры тлели место в зоне
ухудшенного теплообмена после достижения критической тепловой

нагрузки. С увеличением частоты пульсаций расхода амплитуда пу-
льсапий температуры и длина зоны участка, охваченного пульсаци-
ями, уменьшается (если при частоте пульсаций 0,1 ru д Т

м а к о
" 5I°Ç

то при частоте 0,27 гц йТ,,„„.
•*• макс •

уменьшается почти в три раза).

25 С и длина зоны пульсаций

9.4. Опыт корреляционных измерений расхода натрия

на установке БН-600

Задача градуировки штатных расходомеров реактора БН-600
была решена корреляционным методом с использованием магнитных
преобразователей. Сущность метода сводится к регистрации сред-
него времени прохождения гидродинамическими неоднородностями
потока расстояния меаду датчиками, в качестве которых использу-
ются идентичные магнитные преобразователи, установленные на
прямолинейном участке за местным гидравлическим сопрстивлением-
колено трубопровода, задвижа, вентиль и т.ц. Малые случайные
флюктуации сигналов магнитных преобразователей, коррелированные
с прохождением гидродинамических неоднородностей, после усиления
и формирования поступают на вычисление взаимной корреляционной
функции: время транспортировки натрия между первым и вторым се-
чениями определяется по сдвигу максимума коррелограммы на оси
временной задержки. Параметры измерительных участков выбирали
на основе опыта корреляционных измерений на аналогичных трубо-
проводах БОР-60 и натриевых стендах. Преобразователями служили
штатные и идентичные им по конструкции вспомогательные расходо-
меры ИРМУ-300. Основные измерения на первом и втором контурах
проводили при температуре натрия 250°С, контрольные измерения
при 310 и 340°С. На каждой ступени (расход регулировался числом
оборотов насосов) проводили выдержку в течение 10-15 мин для
стабилизации режима.

В результате проведенных работ была измерена абсолютная
величина расхода, установлено распределение расхода по петлям
парогенераторов, уточнены гидравлические характеристики установ-
ки, определены градуировочные характеристики штатных расходоме-
ров во всем диапазоне оборотов циркуляционных насосов. С учетом
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полученных данных установлены номинальные режимы работы основных
контуров БН-600; градуировочные характеристики включены в сис-
тему измерений и контроля реактора.

9.5. Натриевая технология

Выполнены эксперименты по определению скорости реакции об-
разцов окиси натрия с водородом при температурах образца 729,
778,823 К и давлениях водорода 0,26-0,37 МПа. Определены конс-
танты скорости реакции и оценена энергия активации, которая ока-
залась равной (84 • 5)'10 Дж/моль. Проведены химические анали-
зы образцов гидрированной окиси натрия.

В неизотермическом потоке в вертикальной трубе проведены
эксперименты по кристаллизации окиси натрия. Интервал изменения
температуры потока'' натрия составлял 553-443 К при числах Рей-
нольдса 8 000 - 20 000. Проведены расчеты коэффициентов массо-
переноса и сделана оценка влияния кристаллизации в объеме на
процесс массопереноса.

Измерена активность углерода в натрии при помощи вюститного
датчика в комплекте с электрохимической газовой ячейкой и прибо-
ром оксилит-Ш (производство ГДР). Показана принципиальная возмо-
жность реализации измерений активности углерода в натрии при по-
мощи указанного устройства в диапазоне активности 10 - 10 при
температурах 700-750°С.

Выполнен комплекс исследований основных характеристик элек-
трохимических ячеек с твердым электролитом (окись тория-окись
иттрия) для измерения активности кислорода в натрии, разрабаты-
ваемых совместно с ГДР (ЦИЯИ). Показано, что ячейки отвечают тре-
бованиям их использования на реакторных контурах. Модельные экс-
перименты с источником излучения и экспериментальные испытания
на I контуре реактора БР-10 показали принципиальную' возможность
применения ячеек цля измерений активности кислорода в радиоактив-
ном натрии. Проведены демонстрационные испытания ячеек на П кон-
туре установки БН-350.

Проведен анализ работы систем обнаружения течей по контро-
лю водорода в натрии с индикаторами ИВА-I и в защитном газе с

газоанализаторами КАВ-7 на установке БН-600. Ресурс работы боль-
шинства индикаторов ИВА-I в 1983 году превысил 10 000 часов. По-
рог чувствительности системы ИВА-I составляет 0,01 млн" , сис-
тем с КАВ-7 - 0,005% объемных.

Подтверждено, что эффективность системы с КАВ-7 ниже систе-
мы с индикатором ИВА-I. Системы контроля оказались надеиными:
за время эксплуатации (3 года) имел место лишь один случай вы-
хода из строя из-за нарушения режима ввода индикатора в работу.

На натриевом циркуляционном контуре, на которсм был уста-
новлен участок с заделанными в него пятью термоэлектрическими
преобразователями температуры ТЭП ЗМЭ, одним из электродов кото-
рых является сам яидкометаллический теплоноситель, вторым тер-
моэлектродом - стальной электрод (нагревательный кабель со сталь-
ной жилой наружным диаметром 1,5 мм), были продемонстрированы
возможности ТЭП Ш Э . Их рабочий спай был сформирован путем сов-
местного оплавления оболочки кабеля, жилы и стальной пробки,
вставленной в отрезок кабеля с торца. Эксперименты показали, что
ТЭП ЖМЭ отчетливо фиксирует впрыск в циркуляционный натрий воды
с расходом 0,12 л/ч. Место впрыска отстояло от участка измерения
на 5 м. Обычный ТЭП с хромель-алшелевыми электродами,установ-
ленный на том не участке с такой же конструкцией ввода, практи-
чески не реагирует на эти флюктуации температуры.

При анализе экспериментальных данных пробоотбора натриевого
теплоносителя обнаружена ассиметрия распределения плотности ну-
клидов как по диаметру, так и по высоте пробы натрия, охлажден-
ной в естественных условиях пробоотборника. Ассиметрия распреде-
ления и непосредственно концентрации нуклидов в объеме связаны,
преяде всего, с конвекцией и диффузией нуклидов, направление и
скорость которой зависят от температуры и градиента температур:.;
в среде. На концентрацию кухлидоз з натрии, ЕОЭУОУНО, ВЛИЯЮТ

присутствие в некоторых точках микрочастиц, сильно адсорбирующих
примеси, а также гидродинамические эффекты в ;.:омент заполнения
емкости натрием. Для получения достоверной информации о распреде-
лении примесей по объему охлажденного в стаканчике пробоотборни-
ка натрия необходимо измерять всю массу отобранной пробы.
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Изучалось влияние температуры на распространение акустичес-
ких шумов при кипении натрия. Расчитаны коэффициенты затухания
звука на паровых пузырьках. Проанализировано влияние температуры
на величину коэффициентов затухания и на формирование измеряемо-
го спектра шума кипения натрия.

9.G. Коррозия и массоперенос в натрии

5 области коррозии и »материаловедения продолжались экспери-
ментальные исследования коррозионных и механических сзоЛстз кон-
струкционных материалов для ЛЭУ с реакторах! на оыстрых нейтро-
нах с натриевым теплоносителем.

Систематизированы данньэ по коэффициента.
1
.! диффузии челзза,

кобальта, марганца, хрома з твердых металлах с объемно-центри-
рованной кубической решеткой. Получены температурные зависимости
скорости диффузии элементов сталел Б цирконии, тптате, , ,

-уране.

Изучается степень, масштабы загрязнения поверхностных слоев
сталей натриевым тэплонсс::телем. Показано, что поверхлестное за-
грязнение сталей натрием происходит са счет поверхностных дефек-
тов, разрыхленных коррозионных зон, з поры которых под действие.-.;
капиллярных сил происходит затекание натрия. Роль диффузионнчх
проиессос и растворимости натрия в явчениях загрязнения поперх-
костных слоев стали, контактирующей с натриезыы теплоносителем,
невелика.

Исследуатся температурные и временные зависимости скорости
коррозии ферритных и с&еррито-мартенситных хромистых сталея в
потоке натрия при температуре до bbü°C и продолжительность'*) п,о
IU UUÜ часов. Показана высокая коррозионная стойкость хромистых
сталей в потоке натрия реакторной чистоты при вышеуказанных ус-
ловиях.

Лзучена длительная прочность аустенитной хромо-никелевой
стали в условиях науглероживания П-го натриевого контура ус-
тановок типа ЕН. Проводятся экспериментальные исследования срав-
нительной коррозионной стойкости низколегированных перлитных
сталей, ферритных хромистых сталей, аустенитных хромо-никелер«х
сталеЛ ь условиях воздействия напрякения и расплава щелочи при
температуре до ЬОО°С.

Опыты по изучению массопереноса в натрии радиоактивна про-
дуктов коррозии ün-54 и Со-60 в конвекционной натриевол петле
показали, что отложения ^п -64 иа стенках натриеьои петли зави-
сят от длительности опыта, при этоы в начальный период экспери-
мента (до 250-1000 ч) скорость осаждения велика, а затем умень-
шается до постоянного значения, поведение марганца мотшо харак-
теризовать как диффузионный процесс. Марганец имеет тенде;:иию

>

к увеличению скорости осавшения в областях с отрицательным гра-
лиентом температуры, оместе с тем, он осаждается и в месте рас-
положения источника. Кабольт осаддается преимушественно сразу
за источником. Далее его концентрация на стенке убывает.

позффкшент распределения, определяемый как отношение кон-
иентраини нуклица на поверхности контура петли к его концентра-
ции в натрии, при рао'от». петли с источником не изменяется ПРИ
увеличении концентрации кислорода в натрии в два раза.

9.7. Радиационное материаловедение

Продолжались исследования радиационных эффектов ts конст-
рукционных материалах, используемых в качестве ооолочек твэлов
и.чехлов TBC. Исследовалось влияние на степень снижения радиа-
ционной повреждаемости легирования, как в пределах одного класса
сталей, так и сталей и сплавов разнчх классов. Проводилось ис-
следование отработавших ресурс ТБЭЛОВ реакторов bOP-oü,uti-3uü
и ьН-оОО.

Для освоенных аустенитнчх сталей в реакторах Etl-ЗоО и
БН-oUO некоторым резервом сопротивления формоизменению при об-
лучении является состояние холодной пегЕюрмапии (Ib* 2№i). Вмес-
те с тем, результаты экспериментов и теоретические исследоиачия
показывают, что по мере роста дозы и температуры оолучения влия-
ние холодно-деформированного состояния снижается и при фл:оеисах
cGi-me 70^)0 смешении на атом ранее деформированные материалы,
как правило, распухают предпочтительней недеформиропанних. Ус-
тановлено также, что при больших дозах облучения различие в
распухании модернизированных малым легированием сталел одного
класса уменьшается. Подобное поведение материалоп оиусловлено



134 интенсификацией процессов возврата и рекристаллизаиии холодно-
деформированного состояния, а ЕО втором случае,- снижением ста-
дильности твердого раствора с ростом дозы облучения. Использова-
нием предварительной термомеханической обработки для определен-
ного состава сталей эти нежелательные последствия, повидимому,
в опоеделенной степени могут быть подавлены. Экспериментальные
и теооетические исследования указыьадт на важную роль как ста-
оильностн твердого раствора, так и формирования специфической
субструктуры (фазовые выделения, дислокационная структура к т.д.).

Наряду с поиском жаропрочных аустениткых сталей все большее
значение приобретают работы по исследования ферритных (феррпто-
мартенситных) сталей и никелевых сплавов, которые обнаруживают
повышенное сопротивление распуханию и радиационной ползучести.
Однако применение высоконикелевых дисперсионно-упрочненных спла-
вов может встретить еграничения по технологичности и экономике,
а поведение сталей ка ферритной основе в условиях высоких флюен-
соз и широких интервалов температур не вполне ясно с точки зре-
ния свойств жаропрочности и пластичности. Для снижения послед-
ствий радиационного охрупчивания ферритных сталей наряду с ме-
таллургическими и технологическими приемами целесообразно рас-
смотреть возможность повышения пластичности этих сталей непос-
редственно в реакторе посредством выбора оптимальных режимов
эксплуатации тепловыделяющих сборок.

Кстати заметим, что при флюенсах If- 2-10 н/см и выше
пластичность аустенитных сталей также близка к нулю, и Е ЭТОМ
смысле они HS будут иметь заметных преимуществ перед серритными.
Таким образом, проблема пластичности при ЕЫСОКИХ флюенсах явля-
ется актуальной для всех типов сталей и заслуживает особого
рассмотрения.

Проведено исследование сопротивления ползучести холодно-
деформированной на 20% стали 0Х16Н15МЗБ в интервале температур
970-1175 К, характерных для оболочек твэлов в аварийных ситуа-
циях. Сопротивление ползучести стали 0Х16Н15МЗБ в рассмотренном
интерзале температур сильно изменяется. Так, на\^. ...-.ор, напря-
жение, соответствующее скорости установившейся ползучести

I-I0"
5
 с

 1
 уменьшается от 340 МПа при 973 К до 60 ,МПа при II73 К.

Испытания на кратковременную ползучесть до разрушения образца
показали, что сталь 0XI6HI5M3B обладает высокой пластичностью,
которая мало изменялась при заданной температуре испытания и
составляла 25Й при 973 К и 4 M при 1173 К.

Методами просвечивающей и растровой электронной микроско-
пии были исследованы дислокационная структура, следы скольжения,
образующиеся при деформации, и морфология поверхности разрушения
кольцевых образцов из стали 0Х16Н15ЫЗБ без дополнительной термо-
обработки, вырезанных из штатных твэлов БН-350 диаметром 6,1 :."-!,
достигших выгорания 5,4 тя::с.атомов, облученных до флюенса
1,4 х Ю
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THE ROLE OF THE NUCLEAR ENERGY AGENCY
IN THE AREA OF FAST REACTORS

M.J. CRIJNS
Nuclear Energy Agency of the OECD,
Paris

The first part of this presentation is an updated version of the one

made last year by Dr. Silvennoinen. The second part includes some recent

activities of the NEA's Division of Nuclear Power Development.

The NEA has a low-key role in the area of fast reactors where the

Secretariat's effort is limited to following the advances and development in

the FBR technology.

An outline of a study has been initiated in an ad hoc Restricted Group

for an Expanded Programme in the field of the Fuel Nuclear Cycle. The

objective of the study was to analyze and compare the strategies and economic

incentives for developing and installing fast reactors in different OECD

countries. The proposal was discussed at the NEA Steering Committee in April

1982 and at the Fuel Cycle Committee in October 1983. It was decided to

postpone the study for the time being for similar political reasons as

mentioned in Dr. Laue's opening speech.

The NEA's involvement in reactor safety is mainly concentrated to

LWR's. The report on "Improving the performance and reliability of protection

and shutdown systems" of FBR's, mentioned last year is published, but the

distribution is restricted to OECD countries.

The NEA Nuclear Data Committee and NEA Committee on Reactor Physics

continue to be responsible for research coordination in their respective

fields including fast reactor applications. Until so far the updated version

of the last year's presentation.

Actual activities in the NEA's Division of Nuclear Power Development

concern studies on the economics of the nuclear fuel cycle, spent fuel

management and decomissioning of nuclear facilities.

Beside this, there are the regular activities on uranium resources (a

bi-annual report called Red Book.) and on fuel cycle requirements (untill now 2

reports have been published and reports are called Yellow Book). This last

activity should be of interest to the IWGFBR. The responsible NEA Working

Party decided namely to start work for a new version. It will include

definitely, as in the earlier versions, a reactor strategy with FBR's.

Before doing fuel cycle calculations the Working Party ш-eds nuclear

power projections. It is now struggling with this problem and it is foreseen

that it will use short term OECD questionnaire responses (i.e. until 2000) and

results from an electricity demand model, developed under auspices of the

IAEA, for the long term. If the projections are achieved, reactor strategies

have to be defined (i.e. reactor types, introduction time and introduction

rate). The following step is defining the characteristics of the reactor

types and the fuel cycles .

The International Working Group could advise NEA's Working Party

firstly on the introduction-time and -rates of the FBR and secondly in

providing FBR reactor characteristics, to be used in the fuel cycle

requirements calculations (at least the Group should check whether the INFCE

data are still valuable). The Working Party woulü like to have next September
provisional data and February next year final data. The above mentioned
needed data are primarily for OECD countries. In the '/orking Party, a request
was made to incorporate next time also CHEA countries. This moans that
similar data for CHEA countries would be welcome.
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136 STATUS OF FAST BREEDER REACTOR DEVELOPMENT
IN THE FEDERAL REPUBLIC OF GERMANY,
BELGIUM AND THE NETHERLANDS - February 1984

R. HÜPER
Fast Breeder Project,
Kernforschungszentrum Karlsruhe GmbH,
Karlsruhe, Federal Republic of Germany

Translated by R. Friese

The three German ins t i tu t ions mentioned above have been connected since 1977 in

the Entwicklungsgemeinschaft (EG) Schneller Brüter. KfK, INTFRATOM, and the

French Commissariat i 1'Energie Atomique entered into contract', in 1977 about

close cooperation in the fast breeder f i e l d , to which the Belgian and Dutch

partners acceded.

The results of ac t i v i t i es carried out by the DeBeNe partners in 1983 have been

compiled in this report. The report begins with a survey of the fast reactor

plants followed by an R+D summary. In an additional chapter, a survey is given

of international cooperation in 1983.

I . SUMMARY

Preface

In 1967 and 1968 the Federal Republic of Germany, the Kingdom of Belgium and

the Kingdom of the Netherlands ("DeBeNe") agreed to develop breeder reactors in

a jo in t program. The following research organizations have taken part in th is

e f fo r t :

Kernforschungszentrum Karlsruhe (KfK)

INTERATOM, Bergisch Gladbach

ALKEM, Wolgang near Hanau

SCK/CEN, Mol

Belgonucleaire, Brussels

ECN, Petten

TNO, Apeldoorn

NERATOOM, The Hague.

1 . Operating Experience with KNK I I in Karlsruhe

KNK, the compact sodium cooled reactor, is an experimental nuclear power plant

of 20 megawatts e lect r ic power, whose core i s t cooled by l iqu id sodium of

approx. 500 °C. In i t s orginal version as KNK I , the plant had been equipped

and run with a thermal reactor core in the period between 1971 and 1974. From

1975 onwards, the plant was given a fas t , i .e . unmoderated, reactor core. I t

has two zones, the outer driver zone surrounding a central test zone. The fuel

elements of the test zone contain mixed oxide, i . e . , uranium oxide and plu-

tonium oxide. This arrangement very closely approximates the core structure of

the SfIR 300 under construction.

After the f i r s t fast core of KNK I I had attained a peak burnup of the test zone

of 100,000 Mwd/tHb| in 1982, new grid plate inserts were instal led in early 1983

and extensive in-service inspection checks carried out. The second core of

KNK I I equipped with thicker fuel rods became c r i t i c a l for the f i r s t time in

June 1933. Full power was reached only eight weeks la te r . Since that date the

plant has been run without major malfunctions in accordance with the schedule

set out in the KNK I I experimental program. Another point to be mentioned is

the excellent agreement between the nuclear parameters calculated in advance

and those measured. The operation of KNK I I with the f i r s t core had been im-

paired by the unforeseen effects of argon gas bubbles entrained in the sodium

coolant. After commissioning of the second core i t was seen that the cyclones
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installed together with the new grid plate inserts produced the intended

effect. No reactivity disturbances caused by gas bubbles were observed in any

operating condition of the plant or with the degasing line open again.

The basic design (fuel rod diameter, power distribution) of the third core of

KNK II corresponds to that of the second core. Some modifications of detail are

hoped to result in less expensive fabrication. The components of the third core

were ordered in late 1983; they are to be available two years later.

2. Construction of the Kalkar Nuclear Power Station (SNR 300),

Since 1973 the breeder prototype nuclear power plant, SNR 300, has been under

construction near Kalkar on the Lower Rhine River. The responsible manufacturer

is Internationale Natrium-Brutreaktor Bau GmbH (INB); the owner and builder is

Schnei 1-Brliter-Kernkraf twerksgesel 1 schaft mbH (SBK). Both firms are German-

Belgian-Netherlands enterprises.

Following the lifting by the German Federal Parliament in late 1982 of the po-

litical reservation existing since 1978 against commissioning the Kalkar Nucle-

ar Power Plant, the Federal Government decided on April 26, 1983 to continue

the project. A scheme for financing all of the increased costs of the project

has now been contractually agreed upon among the participating countries, the

German utilities and the manufacturer.

Work for the specific partial permits still missing has been continued. The

most important construction permits have already been granted. A permit for

storage of the fuel elements in the power plant coupled with an expert opinion

on the core is to be issued in October 1984, and the operating permit proper is

to be granted in February 1986.

On the construction site, the assembly opening in the biological shield has

been closed, construction of the cooling tower and of the well building has

been completed. The pumps, intermediate heat exchangers and steam generators

have been completed except for the helical coil systems, delivered, and in-

stalled in the power plant. Assembly of the heat transfer systems has advanced

so speedily that the pressure test of the main primary system including the re-

actor vessel was advanced to December 1983 and completed successfully, as was

the subsequent leak test. As a result of the extensive assembly work, the num-

ber of personnel on site has increased from 1000 in 1982 to more than 3000 at

present.

The timetable has not only stabilized, but it has in fact been possible to ad-

vance some of the key dates and to cut the whole planning time of the project

by three months, which means that the completion of construction of the plant

has been planned for August 1985, the beginning of fuel loading for April 1986,

and the delivery of the plant for April 1987. These deadlines apply subject to

a favorable outcome of the litigation still pending before -administrative

courts as a result of objections raised by certain plaintiffs.

3. Preplanning of an SNR 2

The German-French-Italian ESK electricity utility had commissioned KWU in 1982

to draft a preplanning study of a large breeder reactor to operate by the pool

concept. This study is about to be concluded by Interatom. Together with an ear-

lier study of a plant based on the loop type concept it is to constitute the ba-

sis of a decision between the two concepts to be taken by ESK in 1984. One ma-

jor aspect in this regard is the licensing capability in the Federal Republic

of Germany.

The Federal Ministry of the Interior in mid-1983 invited a "Discussion Group on

Fundamental Technical Safety Problems of Large Fast Breeder Reactors". Before

the beginning of detailed planning, that group will examine important safety re-

lated problems of the SNR 2, such as the Bethe-Tait accident complex, sodium

leakages, containment problems, in-service inspections, steam generator fail-

ures, materials for the main sodium systems, proof of integrity and the service

life of sodium, designing the top/top shield areas against failure events, etc.

On these subjects, Interatom has already submitted documents to the Federal Min-

istry of the Interior which at present are the subject of del iber.itions.

4. Research and Development Work

R+D work in the DeBeNe region was concentrated on fuel element and materials de-

velopment, safety, physics, component development, and the breeder fuel cycle.

Part III of this report contains the most important R+D results elaborated in

1983. They can be summarized as follows.
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efforts are being made to further optimize core materials for future applica-

tion. With a view to achieving still higher burnups, alternative materials for

canning and wrapper tubes are also under study, especially in regard to better

swelling behavior under irradiation. Another objective of core element R+D con-

cerns possible simplifications of subassembly design in order to reduce fabrica-

tion costs.

A large background of safety experience was accumulated from testing in-core

protection and plant monitoring instruments in KNK [I and other facilities.

Part of the safety R+D was still devoted to core disruptive accidents. In this

field, close international cooperation proved to be useful in code development,

joint coolant blockage experiments, transient experiments, failed-fuel studies,

and risk analyses. Aerosol and sodium fire experiments as well as core melt

studies serve to assess possible accident consequences.

The physics activities are concentrated on safety studies of large cores, empha-

sis being put on the reactivity effects of the relocation of core materials in

major accidents, void effects, and control rod worths. Heterogeneous cores are

being studied in the BIZET and RACINE projects.

Component testing for the SNR 300 was supplemented by development work aiming

at the simplification and improvement of component designs, especially to re-

duce the space requirements and further increase the life of future plants. As

before, research into structural materials for the reactor vessel, piping, and

other components is being performed to assure basic safety and plant reliabili-

ty and to facilitate future licensing procedures.

Fuel cycle activities mainly covered reprocessing tests and subsequent re-

fabrication of KNK II fuel.

5. International Cooperation

Belgium and the Netherlands cooperate closely with the Federal Republic of Ger-

many within the framework of the R+D Programs Group. The most important

research installations in the breeder field of those two countries are the BR 2

of Mol and the HFR of Petten.

The German-French breeder agreements of 1977 have resulted in close cooperation

in R+D with France, which is coordinated by a joint Steering Committee and its

Working Groups. This is demonstrated quantitatively also by the rising number

of projects tackled and the excellent progress made in the harmonization of

technical concepts. The activities in Italy are coupled to those in France. In

1983, negotiations were started with the United Kingdom about close cooperation

in t.he breeder field within the West F.uropean framework. In January 1984, a Mem-

orandum of Understanding was signed by the governments of West Germany, France,

Great Britain, Italy, and Belgium, with an option open to the Netherlands to

join the agreement. The DeBeNe group and France have trilateral relations each

with Japan and the USA, which in a number of topics of breeder research have

resulted in exchanges of know-how, the implementation of joint projects and the

delegation, inter alia, of German experts to foreign research teams.

Through the International Working Group on Fast Reactors of IAEA a limited ex-

change of know-how and experience is being organized with other countries. In-

ternational conferences back the breeder development worldwide.

II. REACTOR PROJECTS

1. Operation of KNK II

1.1 Loading of the Second Core and Modification Work

After the first fast core of KNK II had attained a peak burnup of the test zone

of 100,000 MWd/tHH in 1982, new grid plate inserts were installed in early 1983

and extensive in-service inspections carried out. The second core of KNK II

went critical for the first time in June 1983. It attained full load as early

as in August.

The operation of KNK II with the first core had been impaired by the unforeseen

impacts of gas bubbles entrained in the sodium coolant. These difficulties have

been reported in detail earlier. They have now been removed for good. The sodi-

um flow has been changed in such a way by the replacement of all grid plate in-

serts that the gas is separated right upstream of the fuel elements and passed

by the reactor core. The grid plate inserts are the links between the reactor

vessel and the fuel elements. They also contain the orifices determining the



coolant flow. Some of the new grid plate inserts, namely those in the outer-

most core row equipped with reflector elements, are fitted with cyclones. These

systems concentrate the incoming gas in that part stream of sodium which cools

the reflector elements. In this way, the gas is moved past the fuel elements

without having any effect on reactivity. The sodium, which is free from gas,

flows towards the fuel elements. Also at that point new grid plate inserts had

to be installed which were adapted to the changed route of the coolant.

1.2 Commissioning the Second Core of KNK II

After the second core had been commissioned it was seen that the expectations

underlying the modifications were met in full. In no operating condition of the

plant, not even with the degasing line open again, were any reactivity distur-

bances due to gas bubbles observed.

The core of KNK II serves as a test bed for the fuel elements of the SNR 300.

For running these elements with equivalent powers per unit rod length, the re-

actor core has been subdivided into a test zone and a driver zone which differ

greatly with respect to fuel element power levels. In addition, only the fuel

elements in the test zone contain U-Pu oxide as the fuel.

In the first KNK II core, Mk.Ia type fuel elements had been tested of the type

currently fabricated for the first core of the SNR 300. These elements are char-

acterized by an outside diameter of the fuel rods of 6 mm and spark eroded

spacers, as far as the fabrication lots made by Alkem are concerned.

The fuel elements of the second KNK II core, however, correspond to the Hk.II

SNR 300 elements with outside fuel rod diameters of 7,6 mm and spark eroded

spacers attached to the fuel element sh'-oud with flow baffles. The fuel element

power is lower for the same linear rod power than it was in the first core. The

total reactor power being unchanged, this leads to considerably smaller differ-

ences between the elements of the test zone and those of the driver zone, both

in terms of fuel element power and of the degree of uranium enrichment used.

The second core of KNK II went critical for the first time on June 26, 1983

with the number of fuel elements calculated in advance. In the subsequent zero

power measurements (of the absorber effectiveness and reactivity coefficients,

among other factors) the measured results came up to expectations. In the subse-

quent power commissioning phase, the generator was reconnected to the power

grid at approx. 40% power on August 10, 1983. The commissioning period wss con-

tinued in several power steps. Full load was attained for the first time on

August 22, 1983.

During the entire commissioning period of the second core no plant malfunctions

occurred. The excellent agreement between the nuclear parameter-, calculated in

advance and those measured should be mentioned specifically. This good result

is felt to be due mainly to the optimization of computation methods by the

SNEAK-11 experiments and to the recalculation of the operating of the first

core loading.

1.3 In-pile Facilities

With the commtsioning of the second core the following in-pile irradiation fa-

cilities are now available (fig. 1):

- Fuel Elements:

The fuel elements of KNK II are used to test various methods of fuel fabrica-

tion and different materials for the cladding tubes and fuel element wrapper

tubes. Sample tubes instead of fuel rods can be put into a limited number of

test fuel elements. The sample tubes of the second core contain structural

materials and actinide specimens.

- Special Fuel Elements:

Fuel rod clusters mostly with 19 rods are planned for testing special fuel
rods, which wi l l be put into a core position of the test zone together with a
ring-shaped carrier fuel element. A f i rs t carrier fuel element for rods with
carbide fuel has been completed. Design work on fuel rods was started which
wil l ful ly exhaust all possibilities of extending the limits of fabrication
tolerances and in this way reduce the expenditures involved tn fuel fabrica-
t ion.
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140 - Materials Irradiation Plugs:

Two different materials test plugs are available, which will be loaded in

1984. One materials irradiation rig is used to study cladding tube specimens

under controlled temperatures and high pressure in the peak flux of KNK It.

This use required a ring shaped carrier fuel element to be designed and fabri-

cated. Another materials irradiation plug contains structural material speci-

mens to be irradiated to only low fluences at various temperatures. The plug

will be put into a reflector "position.

- Materials Test Elements:

A large number of materials specimens can be irradiated in two materials test

elements located in the reflector zone. Since these elements cannot be instru-

mented, special irradiation capsules with heat pipes for temperature control

are to be installed in 1984. One of the elements is to be transferred to a

fuel element position as soon as the third core starts operating; in this way

better irradiation conditions are to be achieved.

Test fuel element
with materials specimens

Carbide fuel
test bundle
in annular subassercibly

Fig. 1:

Positions of

irradiation rigs

in the KNK I I core

Materials
test element

Pveflector zone

iest zone

Driver zone

Structural materials
irradiation plug

Cladding materials
irradiation rig
in annular subassembly

1.4 Post-irradiation Examination and Reprocessing of Fuel

Two fuel elements of the first KNK II core were disassembled and subjected to

post-irradiation examinations in the Hot Cells of KfK in 1983. It should be

emphasized that the test element was disassembled in merely 40 hours of work as

a result both of the experience acquired in the meantime and of using a differ-

ent approach. This is all the more remarkable since the element had attained

the full burnup of the first core (100,000 MWd/teHM). Later on a new disassem-

bly unit will be installed in the Hot Cells which is at present being completed

at KfK. This will allow complete rows of fuel rods to be extracted instead of

only single rods. It is to reduce the disassembly time still further.

Some 40 fuel rods from a third test fuel element disassembled were brought to

the MILLI laboratory scale facility for reprocessing. Despite the high burnup

and a relatively short cooling time it was possible to carry out reprocessing

without any difficulties. The solubility of the KNK II/l mixed oxide fuel is

still being investigated in detailed studies not yet completed,

1.5 Plant Instrumentation

New experiments have been prepared in the field of reactor Instrumentation in

1983. One experimental plug has been completed for testing again the fuel ele-

ment flowmeters to be used in the SNR 300. A previous long-time test had demon-

strated the reliability of those flowmeters; this time the measuring accuracy

is to be verified under various reactor operating conditions.

The detailed design of an ultrasonic viewing unit to be used under sodium was

continued. Viewing under sodium is the technique to be applied in the in-ser-

vice inspections in the SNR 300 instead of volumetric assays.

Within the framework of in-service inspections it was possible to inspect the

inside of the reactor vessel of KNK II by means of a TV camera in the region of

the upper plenum. The images were recorded on a video tape. The sodium had been

lowered to the level of the fuel element outlets for this work. The pictures

transmitted showed the excellent condition of the reactor vr-ssel with extreme

clarity, especially in the region normally under sodium. Image resolution was

excellent; for instance, marking lines of the manufacturer could be recognized



clearly. The TV camera planned for use in the SNR 300 by Interatom will be

cooled hy argon. The field of view can be set by means of a movable mirror.

The behavior of the concentrations of hydrogen and tritium in the three systems

of a fast breeder is to be studied in cooperation with the CEA, France. Exten-

sive studies were carried out to investigate the possibility of installing,

both in the primary and the secondary systems of KNK II, continuously working

hydrogen and tritium meters. For a number of years hydrogen detectors have been

used in the secondary system for the detection of steam generator faults.

The fuel element control system intended for use to localize failed fuel ele-

ments by the wet-sipping technique has been delivered and tested in KNK II. One

experiment to be carried out when the next fuel element failure occurs is to

prove that the sensitivity of the wet-sipping technique is sufficient. The tech-

nique is to be employed in the SNR 300 to localize failed fuel elements.

1.7 Reactor Operation and the Continued Program

Since the power commissioning phase was completed, KNK II h.is been operated

without any major defects in accordance with the cn':eria set forth in the

KNK II test program. These criteria must now be coordinated with the in-service

inspections, which are associated with fixed dates. Formerly these inspections

had been linked with the lengths of operation of the reactor.

The design and fabrication documents for the third core of KNK II, the fundamen-

tal concept (fuel rod diameter, power distribution) of which corresponds to the

second core, were revised in 1983. The revision took into account especially

the experience accumulated in fabricating the second core. Modifications in

detail are to make the fabrication process less expensive. The components of

the third core were ordered in late 1983; they are to be available two years

after that date.

1.6 Technical Operation

Already in the spent fuel elements of the thermal KNK I core any adhering sodi-

um had been removed satisfactorily by the wet gas cleaning method prior to

their being shipped to the reprocessing plant. However, in those elements the

fuel rods had not been surrounded by a shroud preventing the access of cleaning

media, as in the fuel elements of fast breeders. A first test with a fast breed-

er fuel element taken from the first core of KNK II indicated, however, that

also these elements can be washed without any difficulties. The element was tak-

en from the washing unit into the hot cells and examined subsequently.

While the reactor was converted for the installation of the second core of

KNK II, activity measurements of the pipes were again carried out in the prima-

ry cell. These measurements are to provide information about any rises in activ-

ity, e.g., due to depositions of activated corrosion products. The measurements

also serve for the development of a corresponding computer program. During main-

tenance work it is primarily the activity of the primary system which contrib-

utes to the radiation exposure of the plant personnel. A comparison confirmed

by measurements in the Rapsodie, Phenix and PFR reactors indicates that sodium

cooled reactors produce lower personnel doses than water-cooled plants.
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2. Construction of the Kalkar Nuclear Power Station (SNR 300)

2.1. Planning Activities and Licensing Procedures

On December 3, 1982 the German Federal Parliament in a majority decision had

lifted the political reservation against commissioning the Kalkar Nuclear Power

Station. This reservation had been in existence since 1978. This removed a

major obstacle in the way of greater financial participation of the German

electricity industry in meeting rising project costs.

In the light of the positive decision of April 26, 1983 by the Federal Govern-

ment to continue the project, the financial contracts have been agreed upon

among the participating utilities, the German Federal Ministry for Research and

Technology, and the utility SBK. The negotiations with the manufacturers about

their financial contributions and about adapting the delivery contracts have

been completed.

In a discussion among the responsible ministers of the Federal Republic of Ger-

many, Belgium and the Netherlands on October 25, 1983 also foreign participa-

tion was finalized. This means that, financing the total cost volume of DM 6,5

milliard has now been settled contractually.



142 A clear stabilization can be recognized in cost development. This has been

greatly helped by the technical clarifications now achieved in the licensing

and supervisory procedures and by the general agreements reached with a number

of subcontractors.

During 1983, the progress achieved in assembly of the primary systems has been

such that the pressure test of the primary system could be advanced from

January 1984 to December 1983. Additional planning modifications allowed the

project running times to be cut by three months, which means that the

completion of plant construction is now scheduled for August 1985, the be-

ginning of fuel loading for April 1986, and the delivery of the plant for April

1987.

The remaining steps in the licensing procedure have been agreed upon with the

authorities: one permit covering the storage of the fuel elements in the power

plant and coupled with an expert opinion to be expressed on the core is to be

granted in October 1984, and the actual operating permit is to come forth in

February 1986. All documents for the core element storage permit and the expert

opinion on the core were completed and filed on time in late June 1983.

A suggestion made by industry to streamline the supervisory process and reduce

the expenditure involved in preliminary testing and documentation has been ac-

cepted approximately 60% by the authorities and the expert consultants. Plan-

ning work on the units in various buildings has been completed with the excep-

tion of some residual work.

The preliminary test documents of the steel plate containment have been filed

completely for all walls including the edges of the walls and of the roof, the

pipe penetrations and for one roof.

Assembly clearance has been granted with the exception of the upper zones ad-

joining the roof edges. For those parts, clearance can be given only after the

permit for the "roof raising" modification has been issued. Approximately 65%

of the pipe penetrations have been cleared.

The strength analyses II to be carried out for the assembly clearances to be is-

sued have been continued in accordance with the assembly sequence. For the pipe

systems and the reactor vessel all strength analyses II have been completed.

They have been completed for 95% of the large components. Proof of the

stability of the large support structures required for the main sodium pipes in

the primary and secondary heat transfer systems has been produced roughly 80%.

The strength analyses III, which must be completed by the commissioning date,

are already 35% available for the reactor vessel.

2.2 Construction Site Activities (figs. 2,3,4,5)

Assembly work on the construction site has taken a major upswing. The personnel

employed for this work rose from approx. 1000 in October 1982 to some 3000 per-

sons in late 1983; in addition, some 200 persons worked for building construc-

tion.

Building Construction:

The assembly opening of the biological shield has been closed, construction of

Fig. 2: Assembly of a main primary sodium pipe
in the primary cell



Fig. 3: Piping assembly at the main feed-water
pumps
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Fig. 4: Mechanical working of a helical-tube
steam generator feeder

(Courtesy of SBK and INB)

Fig. 5: Lifting of a straight-tube steam
generator

the cooling tower and the well building has been completed. Assembly of the in-

ternals of the cooling tower began in October 1983.

Mechanical Systems:

Assembly work on the reactor vessel has been continued: in April the vessel was

ready for the primary pipes to be connected. All primary pipes were connected

to the reactor vessel by early August. A number of partial pressure tests of

the primary system within the primary cells were carried out, and so have been

pressure tests of the argon systems and other auxiliary loops. The pressure

test of the whole primary system subjected to 15.4 bar, including the reac-

tor vessel, was completed successfully on December 3-4, 1983, as was the subse-

quent leak test, which was finished on December 8.

All primary pump casings have been installed; the nine intermediate heat ex-

changers, all six straight-tube steam generator evaporators, and four out of



144 the six straight-tube steam generator superheaters have been assembled. The

inner and the outer tanks of the sodium cooled storage facility have been put

in place.

Despite some problems, assembly work on the new steel containment proceeded

speedily; more than 60% of the total area has been completed.

2.3 Workshop Activities

Core Element Fabrication (fig. 6 ) :

Some 9000 fuel rods were fabricated in 1983 by ALKEM and Belgonucleaire, which

means that about Z5000 items or 75% of the whole delivery lot have been fin-

ished. 16 additional Hark la fuel elements have been fabricated, which adds up

to a total of 17, and 11 other fuel elements in the fabrication process have

now reached various stages of assembly.

The fabrication of blanket elements was completed successfully in mid-July 1983

with the fabrication of the 108th blanket element.

All dummy elements (8 B4C and 17 Na dummy elements) have been fabricated. In-

spection of the documentation has been started. The casks for shipping and tem-

porary storage at Kalkar have been obtained.

Component group assembly has been completed for the control, shim and primary

shutoff elements. Component group assembly work for the secondary shutoff ele-

ments has been started.

Reactor Top Rotating Shield:

After repair of the damage substained in the bearing endurance test, a new test

was completed successfully. The top was dismantled and packed for sea transport

to Kalkar.

Sodium-Cooled Fuel Storage:

After completion of the welds of the inspection shafts, rails were fitted on

the vessel and the bottom for in-service inspections. The inner vessel was in-

stalled in August, the nozzles were welded in place. After successful comple-

tion of the leak test of the sodium-cooled fuel store rotating top, the unit

was shipped to Kalkar in August. Preparatory work for the assembly of the ro-

tating top has been started.

V.'! _.. / *

Fig. 6:

Core element fabricat ion by Belgonucleaire
The wrapper tube is mounted onto the fuel rod
bundle.



Test Rig and Maintenance Rig:

The f i r s t lo t (grab replacement s ta t ion, force measuring un i t , support frame)

has been delivered on s i te and most of i t has been assembled. Assembly of the

l i f t i n g platform has been completed.

Gas-Cooled Storage System:

The leak tests of the gas-cooled storage system were carried out succesfully.

Transport Car:

The transport car was delivered on s i te in mid-July and w i l l be kept in interim

storage t i l l the assembly date (early 1984). The inserts of the transfer sta-

tions were completed and put into interim storage at the manufacturer's t i l l

the date of del ivery.

Sodium Pumps, Steam Generators, Intermediate Heat Exchangers:

Preparations are under way for assembling the pump rotor systems (main sodium

pumps); at present, mechanical working of the pump l ids is going on.

Six straight—tube steam generator-evaporators and four super-heaters were com-

pleted and delivered by NERATOOM. Fabrication of the f inal two st ra ight- tube

steam generator superheaters was also completed to a l l practical intents and

purposes.

Fabrication of the helical—tube steam generators has been agreed upon contractu-

a l ly in such a way that delivery can be expected in the autumn of 1984; these

delivery dates have been taken into account in the new timetable. The sodium

in le t flow sections, outer shells and thermo-sleeve heater penetration nozzles

into the spherical caps are currently being manufactured. Assembly of the bun-

dle layers for the evaoorator has been star ted; the bundles for the three super-

heaters are being wound.

The nine intermediate heat exchangers were fabricated and delivered to Kalkar.

3. SNR 2 Preplanning

After the completion of most of the research and development work for the

SNR 300, problems of a large demonstration breeder have been studied increasing-

ly for the past few years. This new f a c i l i t y , which is called SNR 2, is to be

operated in a j o i s t Gerroan-French-Italian e f for t on the basis of an agreement

concluded in 1973. For th is purpose, the Europaische Schnei Ibruter-Kernkraft-

werksgesellschaft mbH (ESK) was founded in 1974 as a j o i n t subsidiary of RWE,

FdF, and ENEL.

Internationale Natrium-Brutreaktor Bau GmbH'.INB) as the German-Belgian-Nether-

lands manufacturing company has been concerned with preplanning studies of a

1300 HWe breeder power plant on behalf of ESK since 1976. KfK has been dealing

with problems of reactor physics and mechanical core design .ind the safety of

large breeders.

3.1 Loop-vs.-Pool Analysis

A preplanning study drafted by INB up until 1981 was based on the loop type con-

cept of the primary system, making use of the experience accumulated in plan-

ning, licensing and building the SNR 300. That work was limited to some main

components of the nuclear steam supply system: the reactor, the vessel and top

shield, the primary system, the decay heat removal system, handling and contain-

ment, including demonstration by calculation. Other systems, such as the second-

ary system, the water-steam circuit supporting facilities, buildings P t c , were

studied only as far as necessary to arrive at a sel fcontainecl concept. The ob-

jective of the work was the representation of a plant concept technically feasi-

ble and capable of being licensed.

An analysis of the pool type dtsign carried out by INB jointly with Novatome in

1978-81 represented the project definition phase of a preplanning study based

on the pool concept. The analysis mainly dealt with the conditions under which

a pool type facility based on the Superphenix concept would be licensable under

German rules and regulations.
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146 A subsequent SNR-2 pool type preplanning effort conducted from 1982 on-

ward on the basis of the French Superphenix 1 facility plus the result of the

loop type study is to lead to a decision on the SNR 2 concept in 1984. This con-

cept will be the basis of the main planning phase and the licensing procedure.

Work on the pool design analysis has been continued mainly for the following ma-

jor items: pool roof and its cooling, fuel handling, eid storage circuit analy-

sis, plant protection systems, strength assessment, pool thennohydrauiICS, de-

cay heat removal by natural circulation, containment, steam generators etc.,

and has been supplemented by design work. The studies are based on the SEKLNA

license and the exchange of information with CEA and Novatome.

3.2 Safety Problems

Preplanning the SNR 2 and the analyses of Superphenix have shown that not all

safety-related problems, can be solved unequivocally on the basis of experi-

ence accumulated in the SNR 300 licensing procedure. Consequently, a number of

major prblems are being examined by a consultant body to the German Federal Gov-

ernment up until the planning phase.

The German Federal Ministry of the Interior (BMI) for this purpose psr.ihl ished

a "Discussion Group on Fundamental Technical Safety Problems of La rip breeder

Reactors" (formerly the "BMI Consultant Body") in mid-1983. Befnrp r'u- onset nf

detailed planning, that Group will investigate important safety rpMted prob-

lems with regard to the SNR 2, such as the Bethe-Tait accident complex, sodium

leakages, the containment, in-service inspections, steam generator accidents,

the materials concept for the main sodium systems, proof of the integrity and

service life of the sodium systems, design of the roof/top shield regions to

withstand failure events etc. On these subjects, Interatom has already submit-

ted documents to 8MI which are at present under discussion.

Already in May 1983, an International Workshop on Safety Criteria and Options

of Large Breeder Facilities was organized in Paris. At meetings preparatory to

that Workshop, the German position had been discussed among KfK, Interatom, and

RWE-ESK. The partners suggest that the Bethe-Tait accident not be regarded as a

design bas^is accident in the SNR 2 design and that this position be argued

jointly vis-a-vis the licensing authority. However, as a "flanking measure",

continuation of the core meltdown projects already started (CABRI etc.) is felt

to be necessary. This is particularly true of the management of the licensing

procedure and any activities preceding it, such as consultant bodies to be set

up.

3.3 Nuclear Core Design; Homogeneous and Heterogeneous Concepts

The boundary conditions for core design have changed drastically since 1976

with the concequence that the orginal concept for the (homogeneous) reactor

core has since been replaced by a new homogeneous core design. While formerly

the breeding ratio and the doubling time were the most important aspects empha-

sized_ it is now cost aspects which have gained more significance. In order to

reduce the costs of fuel element fabrication and reprocessing, a further in-

crease in the fuel rod diameter and in burnup is being considered. Moreover,

the number of absorbers and the thickness of the breeding blanket have been re-

duced, to mention but a few items. Cost intensive measures of accident control

are to be decreased to the necessary level and replaced by inherent safety char-

acteristics, respectively, emphasis being put on the preventive aspect . Some

details ana outlines of this thinking can be found in KfK report 3543, "Schnell-

brijterphysik und nukleare Kernauslegung" (Fast Breeder Physics and Nuclear Core

Design). A major role in this instance is also played by the harmonization with

the Superphenix concepts.

Besides the concepts of homogeneous cores also heterogeneous reactor cores(insu-

lar and ring shaped breeding zones), have been studied in terms of

physics and safety properties. In critical assemblies in Britain and France,

e.g., power distributions and control rod configurations have been measured. In-

cidentally, it has been found that the results of the studies of heterogeneous

ring shaped cores can also be applied to a great extent to large homogeneous

cores which cannot be simulated for lack of material, for the neutronic

decoupling of various regions already in smaller heterogeneous cores corre-

sponds to that of larger homogeneous cores.

Differences in the developments of uncontrolled loss-of-flow accidents in large

breeder reactors with homogeneous and heterogeneous core arrangements have been

calculated with the American SAS 30 code. One important point investigated in

this respect was the potential for mechanical energy releases whicli can occur



as a consequence of neutronic excursions. In the light of the conservative meth-

od used for the SNR 300 in limiting the energy released by the primary excur-

sion in an uncontrolled loss-of-coolant accident, the homogeneous core on the

whole exhibits a less favorable picture than the heterogeneous core. If full

credit were given to the effects of expansion and early dispersion, however,

relatively mild boiling-induced power excursions would result also in a larger

homogeneous core.

3.4 Materials Problems

For the componeits of an SNR 2 exposed to hot media, 316 LSPH type steel has

been recommended as a reference material. This is an unstabilized austenite

with approx. 17% chromium, 13% nickel, and 2.5% molybdenum. Compared with the

1.4948 type steel used in the SNR 300, which is comparable to AISI 304, the 316

variety is characterized particularly by its higher strength, which contributes

greatly to reducing the scope of inelastic strength analyses to be performed.

The choice of material has been determined largely by the aspect of harmoniza-

tion with the French concept. Moreover, the properties of 316 LSPH, unlike

1.4919, seem to indicate greater resistance to intergranular corrosion.

For use in fuel element wrapper tubes, 1.4914 type steel is being developed as

an alternative material. A large batch of this martensitic 12% Cr steel with a

reduced nitrogen content was used to determine the tensile strength and stress-

rupture properties, taking into account the hardening, tempering and test tem-

peratures, to study the notch bar impact strength and the influence of the posi-

tion of the specimen, its shape and the heat treatment. The fabrication of fuel

element wrapper tubes out of this material was demonstrated by a pilot tube

both for the seamless and the welded/cold worked versions. The deformation be-

havior and the thermal behavior of the material (air hardening) present unex-

pectedly few problems. The radiation induced creep behavior of the martensite

was measured in Mol. It is a linear function of the dose and a non-linear func-

tion of the stress; it is activated thermally.

III. Progress in Research and Development Work

1. Core Elements

Four new fuel rod clusters have been inserted into the Phenix reactor for irra-

diation tests. Two of them are SNR Mk.II fuel elements. The two others are ele-

ments with rods made by the Phenix concept. Irradiation for the tests began in

late November 1983.

The POUSSIX in-pile experiment is being prepared. It serves to clarify the load

cycling behavior of long fuel rods with varied fuel smear densities and is to

be carried out as a DE8ENE project in the Phenix reactor. For this experiment,

12 fuel elements are manufactured with different smear densities. Agreement has

been achieved with France about the technical design documents. Fabrication at

ALKEM has begun.

The IDEFIX experiment in Phenix is to provide -for the irradiation of complete

fuel rod clusters with cladding tubes made of dispersion-strengthened ferritic

steel grades. The corresponding agreements have been concluded among Belgium,

the French CEA, and the SERENA Systems Company. The first IDEFIX fuel element

is to be loaded into Phenix in November 1985.

The RIPCEX II irradiation produced positive results on ferritic steels, when

the RAPSODIE experimental breeder reactor was shut down, a fluence of up to

8.7xlO22 n/cm2 had been attained. According to post-irradiation examinations

conducted at Cadarache, ferritic steel varieties show h-irdly any swelling;

linear swelling did not exceed 0.23%. The radiation induced creep of dispersion

strengthened ferritic steels is much less pronounced than the creep of other

ferritic steel grades.
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This survey is a summary of the most important research and development pro-

jects and results of activities of the DeBeNe partners for the fast breeder

project in 1983.
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Fig. 7: Materials test element for KNK II.

Storey arrangement with specimens.

The MTE 2 materials test element for KNK II is ready (fig. 7 ) . It has been load-

ed with samples in the KNK II handling hall and is to be irradiated in a reflec-

tor position. MTE 2 can be reloaded and consists essentially of the sample in-

sert and the adapter for fitting it into the core structurr;.

The cladding tube damage found in fuel elements of KNK II as a result of

triboiogical stresses does not correspond to earlier known predictions. Out-of-

pile experiments in sodium are being prepared to clarify the friction events

causing such damage.

Evaluation of the RS-5 Siloe experiment carried out to study the behavior of

failed fuel rods in continued plant operation has been largely completed (dam-

age: cladding tube perforation of 0,3 mm diameter in the upper fuel region).

Although the test rod was operated with the cladding defect for another 55 days

in RAPSOOIE after 2.8% of initial burnup, no failure propagation was found. The

fission product gas signals and DND monitoring clearly indicated the time of

failure. The magnitude of the failure and the DND signal are at the lower limit

of detection.

The behavior of fuel rods under operational transients is being studied 1n

various in-pile experiments. In the framework of this program, numerous short

fuel rods from different fabrication processes have been tested e.g. under

rapid start-up ramps in the HFR Petten. Additional power and temperature tran-

sient experiments are being performed in the BR 2 VIC loop.

A kinetic model has been developed to describe the oxygen transport in breeder

fuel rods. The model allows calculations to be performed for transient condi-

tions taking into account the axial transport component. The model for the

first time combines the oxygen transport due to thermal diffusion in a solid,

that caused by the migration of oxygen carrier gases, and the interaction be-

tween both mechanisms. The quantities required to describe gas transport were

measured by means of a gas penetration method in uranium dioxide of different

densities. The model was used finally to calculate the 0/H distribution in the

r- and z-directions as a function of time in fresh mixed oxide fuel of the com-

position of (U0.81 Pu0.2) 0^#95. The calculations allow quantitative informa-

tion to be generated independent of time about the contributions of the com-

peting mechanisms of oxygen transport.
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150 The COGEPEL program is a method of fuel fabrication based on co-precipitated

(U,Pu)02 particles (conversion, gelation, pelletizing). The purpose of the tech-

nique is the fabrication of spherules free from dust which can be processed

into homogeneous pellets of high density. Laboratory scale experiments on

(U,Pu)02 and semi-industrial scale tests on UO2 demonstrated the feasibility of

the technique. However, because of industrial interests, the COGEPEL activities

of SCK/CEN and Belgonucleaire will be stopped for the time being.

In the reprocessing field, a modified approach in disassembling a fuel element

from the test zone of KNK II has helped to reduce to some 40 hours of work the

time previously required (fig. 8 ) , This has become possible although the fuel

element showed a peak burnup of 100,000 MUd/te^M, had undergone a relatively

short cooling time of only eight months, and had fuel rod cladding tubes of the

materials No. 1.4981 and 1.4988, which tend to swell strongly at higher flu-

ences. Forty fuel rods from the disassembled fuel element were brought to the

MILLI facility for reprocessing. This process step was successful, although the

fuel had an extremely high content of fissile material aggra<ating the chemical

separation of the different categories of substances- It was possible to limit

to less than 0.1% the plutonium losses in the liquid high level waste, which is

a major precondition of the economic utilization of nuclear fuel in fast breed-

ers.

2. Measuring Techniques for Plant Monitoring

Within the framework of in-service inspections it was possible to inspect the

inside of the reactor vessel of KNK II by means of a TV camera in the region of

the upper plenum. The pictures were recorded on a video tape. The sodium had

been lowered to the level of the fuel element outlets. The pictures transmitted

very clearly showed the excellent condition of the reactor vessel especially in

the region normally under sodium.

Results are available on the deposition of radionucl ides in the KNK II primary

system. The distribution of Na-22, Mn-54, Co-60, Zn-65 and Cs-137 was measured

in cold traps. The largest contribution to the radioactivity in this case *as

made by Mn-54. Nickel was selected as a promising material in radionuclide

traps as a result of parameter tests indicating the surface adsorption of Zn-65

and Mn-54. Apparently Zn-65 and Cs-137 get into the pump cover gas as a result

of the Zn and Cs metals evaporating from the hot sodium surface and condensing

on the slightly cooler walls of the cover gas plenum. Co-60, the most important

radionuclide as far as systems contamination in water cooled nuclear reactors

is concerned, plays but a secondary role in KNK. The impact on the activity con-

centrations of fission product gas nuclides in the KNK cover g.is caused by in-

tentionally failed fuel rod cladding was also determined. The concentration

chiefly of Xe-135 rose overproportionally with the reactor power.

Gamma-spectra of fission products in the sodium system were studied in a joint

Japanese-German effort in the new FPL 2 fission product loop of Toshiba. One im-

portant result elaborated was the temperature dependence of the deposition of

emitters of delayed neutrons on the surface of the delay section of the test fa-

cility. For the first time it was possible in a sodium system to measure, in

the form of the F-20 nuclide, a halogen element other than the bromine and io-

dine fission products. F-20 is produced from Na-23 in an (n, ot )-reaction. The

deposition of fluorine is very weak even at low temperatures. Under all experi-

mental conditions, strontium is found to be deposited very strongly in the FPL-

2. Also strontium had never before been measured in a sodium syotan. If this de-

position is irreversible, it would have to be expected that the hot leg systems

in the reactors might be severely contaminated with Sr-90.

In Phenix, a method of sensitive fuel element temperature monitoring initially

tested in KNK II is being tried out. In this compensation technique, all fuel

elements are simulated by a simple model. The analytical method makes use of

the natural fluctuations of the neutron flux and fuel element outlet tempera-

ture signals. It is based on a comparison of the measured fui;I element outlet

temperatures with reference temperatures calculated on-line by means of the

fuel element model. Adapting the model to the fuel elements furnishes such indi-

vidual fuel element parameters as power, heat transfer coefficient and coolant

flow as well as the response times of the thermocouples used en .ne-is.ire nur.lgt

temperatures.

Ultrasonic flowmeters for sodium were tested. They are being dr.v»lnn>"i 1. ilrur-

natives to the oermanent magnetic units used so far. Esn<"".ian> " "; witn

large inner diameters they would result in major weight advant n>-.. • .'"r^snn-

IC flowmeter for sodiuii of a nominal width of 100 was tested n i -mi, ^t tdF

at Les Renardieres in France. The tests, were run at tempcMtiir« of 300 and

400 °C. The reading of the unit was linear compared with the reference, -ind no



temperature dependence was found. The values determined deviated only 2.5% from

the calibration calculated theoretically. The tests were conducted in France be-

cause of the pronounced French interests in this development.

Experiments on the acoustic detection of leaks in steam generators are going on

at Interatom. As the concept seems to be promising, a calibration device for

the detectors has now been designed. The unit contains a very small aperture

(simulated leak) through which gas at a high pressure is forced into a liquid.

The device is acoustically coupled to a steam generator by clamping or welding.

The noise generated as the gas passes through the small leak is very similar to

the noise generated in real leakage case.

3.

The Hol 7C/4 coolant blockage experiment in the BR 2 has been conducted on pre-

irradiated fuel rods (48,000 MWd/te). Preliminary evaluation of the measured

signals recorded during the transient showed clear differences in the develop-

ment of the fault as a function of time compared with the previous three Mol 7C

experiments conducted on unirradiated fuel <-c>iis. In particular, there were addi-

tional major material relocations three minutes after the initiation of the

transient. No fast failure propagation to the entire cluster cross section was

observed. Cooling of the whole cluster was not impaired at any point in time.

Roughly four minutes after the initiation of the failure there were no longer

any decisive changes in the signal. The damage encountered was indicated

clearly and reliably by the system detecting delayed neutrons.

Another five transient experiments were conducted in the CABRI reactor after De-

cember 1982. In some of them fuel-sodium interactions produced pressure pulses

of approx. 70 bar and gave rise to significant fuel relocation. The energy re-

lease had been up to 2 kj/g. One of the experiments showed that changes of the

grid spacers have but a low effect on the fuel relocation. Figs. 9 and 10 give

a survey of the test matrix.
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Seven experiments have been conducted within the PFT-TREAT programm since Novem-

ber 1982. KfK participates in them through the CAPT agreement concluded by KfK

and CEA with UKAEA in February 1980. Three single rods in NaK capsules were sub-

jected to fast power ramps in the American TREAT reactor; the rods had burnups

of 0%, 4% and 9% (after preliminary irradiation in the PFR). Next, two experi-

ments were conducted on pre-irradiated single rods in a sodium flow, where slow

ramps simulated an inadvertent extraction of control rods. The TRAFIC computer

program represented the results well. In addition, TOP experiments were con-

ducted on 7-rod clusters in a sodium flow.

The feasibility of the planned transient experiments in the Petten HFR has been

proven. It can now be concluded from the measured irradiation data of the TOP

03 experiment that this transient experiment lasted for 6.38 s and the rod

power rose from 480 to 900 W/cm at half the height of the specimen. This is in

good agreement with the planned test parameters and promises a successful out-

come of the actual transient experiments.

The FD2/4 fuel disruption test series covering fuel failure in the ACRR reactor

of Sandia National Laboratories (SNL) was completed. A consistant simulation

for the entire FD series was carried out by means of the SANDPIN code of SNL

and the Karlsruhe LAKU code. The strong increase in volume ("foaming" or "swell-

ing") observed after melting at the slower transients (such as FD2/6) is pre-

dicted by both codes for a point in time slightly too early. A simple improve-

ment in the melting model results in the model matching experimental conditions

more accurately. The violent eruption prior to the onset of melting observed

with faster transients (such as FD4/3) is predicted surprisingly well by the

disruption criterion in SANDPIN. However, this code quite considerably underes-

timates the transient gas release. LAKU, on the other hand, contains no fuel

disruption criterion.

Differences in the development of uncontrolled loss-of-flow accidents in large

breeder reactors with homogeneous and heterogeneous core assemblies, as com-

pared to the SNR 300, were studied by means of the SAS3D code. One important

question in this respect was the potential for mechanical energy releases which

can occur as a consequence of neutronic excursions. As a result of the conserva-

tive method used for the SNR 300 to limit the energy release of the primary ex-

cursion in an uncontrolled loss-of-flow accident, the homogeneous core in the
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whole exhibits a less favorable picture than the heterogeneous core. If the re-

percussion of expansion and early dispersion effects were taken into account

fully, however, relatively mild boiling-inducea power excursions would result

also in a large homogeneous core.

For extrapolating the vapor pressure of UO2 up to the critical point, the sig-

nificant structures theory was expanded so as to take into account also the

chemical composition of the gas phase (UOj, UO, UO3, 0 ) . Now a model is avail-

able which describes the state parameters of UO2 also in the non-stoichiometric

range.

The SIMMER II program used to calculate energetic core disruptive accidents is

being verified experimentally. At the Los Alamos National Laboratory, where

this code was developed, KfK participates in upper structure dynamics (USD) ex-

periments. These have shown so far that the expansion times of core disruption

up to loading of the vessel top shield are enhanced by the restriction of the

flow in the narrow channels in such a way that much of the energy contained in

the fluid can be delivered as heat to the cold structures. This considerably re-

duces the load acting on the vessel top shield. The USD experiment confirms sim-

ilar information produced by the SIMMER computer program. SIMMER II simulations

result in only 10% of the isentropic work potential even if large volumes of so-

dium vapor are generated.

In the compact sodium boiling test loop of KfK a new 37-rod test section simula-

ting reactor conditions even more accurately than previously was used in a sec-

ond test series on the removal of decay heat under natural convection condi-

tions in sodium. The test series proved that, in the presence of a heat sink,

rod powers reaching the level of decay heat can be safely removed from a multi-

rod cluster by natural convection even under aggravated conditions (such as par-

tial blockage of the coolant inlet cross section). Any boiling that occurs will

support natural convection.

Sodium fire experiments in the Karlsruhe FAUNA facility indicate that the aero-

sol behavior encountered in pool fires cannot easily be extrapolated to spray

fires. Shortly after the end of spraying the bulk sodium aerosol concentration

was in excess of 100 q/nß. After only 20 minutes it had dropped by two orders

of magnitude. The high initial bulk concentration is associated with major ag-

glomeration and, hence, the formation of large particles. The aerodynamic diame-

ter as a function of mass was 5.8 u.m at 7.5 minutes after the onset of

spraying. The aerosols of spray fires are plated out mainly on horizontal sur-

faces, while the vessel wall rsmains almost entirely free from aerosols.

However, studies of sodium pool fires show that up to 40% of the aerosol is

plated out on the walls.

4. Physics (cf. figs. 11, 12, 13, 14)

Experiments in the SNEAK 12 B assembly were devoted to material relocations of

the type which can occur as a result of bending or melting. For this purpose,

the reactivity worths of vertical and axial relocations of mixed oxide fuel in

the rod lattice (compactions or dilutions) were determined. Evaluations so far

have shown that the S4 eigenvalue transport calculation normally describes the

experimental findings quite well, while the S4 perturbation calculation is not

sufficient for this purpose. S4 transport calculations in general also describe

the reaction rate distributions for the fissions of Pu-238 and U-238 with suffi-

cient accuracy.

Within the framework of the BIZET project, among other items also the measure-

ments conducted on absorbers of enriched boron and europium oxide in the BZD

assembly were evaluated. According to the findings, B-10 enrichment of B4C-ab-

sorbers results in a smaller increase in their reactivity worth than expected

from the calculations. It was also found that the increase in absorber efficien-

cy was 20* less when enriched boron was used in a heterogeneous core than in a

homogeneous one (BZB). Presumably this is due to the influence of the harder

spectrum in the heterogeneous core. For EuO2 this difference between the uses

in a heterogeneous and a homogeneous core, respectively, was not found. The

worth of the EuO2 absorber is underestimated by the calculation by some 12% in

both cores.

In the RACINE program, among other subjects, evaluation of th<> measurements con-

ducted in the RACINE ID assembly was begun, which has an abiorber or a control

rod follower in the center. Criticality for cases with and without an absorber

was overestimated in the calculation, as had already been the case in RACINE

1A. The C/E value is between 6 and 9 °/oo above unity. Sodium void values were

determined by exact perturbation-diffusion calculations; the calculated values

were found to be lower than the experimental ones. In the central rod follower

the deviation was around 13%, which is within the customary range. In the case



154 of the absorber, however, the deviation was found to be so large that the calcu-

lation is to be repeated with transport methods. The radial fission rate tra-
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156 verses calculated for U-235 and Pu-239 in general have a flatter shape than the

measured ones. Transport calculations mostly result in better agreement than do

diffusion calculations, although this is not the case in the inner absorber.

In the D3D and D3E three-dimensional diffusion programs the treatment of the

inhomogeneous source problem is vastly improved. The new method is now rou-

tinely employed in control rod experiments in critical assemblies when calculat-

ing correction factors of the detector counting rates.

In cooperation with ENEA, Bologna, ECN Petten has reviewed the fission product

cross-sections of 60 nuclides, in order to make a final recommendation for inte-

grating these data into the European-Japanese "Joint Evaluated File" JEF. A

large part of these data have been checked by comparison with integral measure-

ments. New data of 1-129 have been determined from recent experimental results.

5. Components and Structural Materials

Two prototypes were tested in the development of electromagnetic pumps resis-

tant to temperature, radiation and aerosols. This allows a pump to be designed

which is resistant to aerosols as a result of the compact and self-contained de-

sign of the magnet system. This compact pump owes its existence mainly to the

use of new types of winding materials.

A double visco shaft seal for the SNR primary sodium pump was tested on a full

scale for some 6000 hours. These visco seals are used for all SNR 300 sodium

pumps instead of mechanical seals because, inter alia, visco seals are not sub-

ject to wear and the supporting systems are simpler and more reliable than in

the labyrinth seals formerly used.

The sodium flow rate in a circuit is limited by induced vibrations of its inter-

nals. This was borne out by experiments with a SNR 300 prototype pump. In those

experiments, a relatively undisturbed straight pipe section and a bend as the

point of disturbance were investigated.- When extrapolating the hydraulic data

of the SNR 300 to a 1300 HW nuclear power plant with four systems, pipe diame-

ters for the main coolant pipes would range up to approximately 1000 mm. For

economic reasons smaller pipe diameters are aimed at. For this purpose, the

flow rate of sodium must be increased by a sizable margin. No maximum or opti-

mum sodium flow rates, can be indicated in general terms from the above-

mentioned experiments. Rates may differ in individual cases, depending on the

configuration of the respective system.

For the tube-tube welds in the helical-tube steam generator of the SNR 3U0 a

new automatic welding technique, the auto-TIG method has been developed by

NERATOOM. In this technique, the pipes are welded without any filler metal and

penetrations are made only in an ascending direction so that any gases will be

expelled upstream of the solidification front and thus escape. In this way,

welds free from pores and incomplete penetration were produced which may have

satisfactory mechanical and technical properties.

Water injection tests into artificial holes of more or less round cross sec-

tions and on cracks in steam generator tubes (mat. No. 1.6770) especially

served to study the reopening behavior after plugging. It was found that also

very small cracks may suddenly reopen after a period of plugging, i.e., up to a

size of 8 x 3 mm^. In the light of these findings it is deemed to be very un-

likely that a small leak can be detected before it has suddenly become bigger.

The hydrogen detectors in these experiments indicated a completely flat signal

up to the point of enlargement of the holes. In the SNR 300, a depressunzation

system ensures that the consequences of a major sodium-water interaction can be

controlled. Consequently, the findings reported in this case will have no nega-

tive impact on safety.

The steam generators of KNK II consist of double tube coils connected parallel

(material No. 1.6770). One of them had been dismantled in early 1981 and re-

placed by a new coil with a sampling point installed at the water-steam transi-

tion point. Subsequent metallographic investigations confirmed that the tubes

of the coil dismantled are in a good condition throughout.

Hold-time experiments helped to clarify the influences of damage due to fatigue

and of stress relaxation. The low-cycle fatigue tests run so far with hold-

times were interpreted by means of the "life fraction rule", especially with a

view to determining the dependence of the number of load cycles to rupture on

the hold-time and on temperature. It was found that the damage caused by fa-

tigue determines the life at low temperatures while, at higher temperatures,

stress relaxation during the time to rupture and the creep Induced faults accu-

mulated in the process determine the behavior.



The growth of fatigue-induced cracks of a fatigue fracture in the critical bend-

ing stress zone of a full-size SNR pipe bend was the object of a component test

carried out in 1983. After 280,000 load cycles, sodium of 550 °C escaped from a

small, stable leak at the expected point. The test result is a valuable contri-

bution to the verification of the extrapolability of materials data to real com-

ponent conditions.

For the SNR 2 components exposed to hot media, 316 LSPH type steel was recom-

mended as a reference material. This is a non-stabilized austenite with approx.

17% chromium, 13 % nickel and 2.5% molybdenum. Compared with the 1.4948 type

steel used in the SNR 300, which is comparable to AISI 304, the 316 variety is

characterized particularly by its higher strength, which greatly contributes to

reducing the extent of the required inelastic strengh analyses. The choice of

material was determined mainly by the harmonization with the French concept.

Moreover, the properties of 316 LSPH, unlike 1.4919, seem to indicate a higher

resistance to intergranular corrosion.

IV. IMPLEMENTATION OF INTERNATIONAL AGREEMENTS

1. German-French Cooperation

Cooperation with France on the basis of the agreements concluded in 1977 has

proved to work well and has been further intensified. Within the framework of

numerous technical discussions, so far a total of about 3000 CEA and DeBeNe

documents have been exchanged.

The Steering Committee agreed upon further common actions in 1983:

- localization of failed fuel elements by flux tilting
- oxygenometer.

Starting December 1982, five other transient experiments were conducted in the

CABRI reactor. In several of these, pressure pulses of approx. 70 bar and sig-

nificant fuel movements were observed as a result of fuel-sodium interactions

(rf. figs. 9 and 10).
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The RACINE project is being carried out in the French MASURCA zero power assem-

bly of Cadarache as a joint experiment of DeBeNe and CEA/CNF.N. It has been de-

signed for studies of heterogeneous ring shaped cores; howe/er, the results of

the control rod experiments conducted in the period under review are of inter-

est also for homogeneous cores.

After completion of the first part of the extensive RACINE control rod experi-

ments, the assembly used to study commissioning configurations of the Super

Phenix Reactor (SPX 1) was set up after June 1983. These are mainly control

rod, reactivity and neutron flux measurements for various loading steps. In-

teratom, Belgonucleaire and KfK plan to participate in the SPX-1 commissioning

program by recalculation and by the delegation of personnel. In 1983, DeBeNe

was directly involved in the RACINE program with three or four delegates.

Starting in January 1984, a heterogeneous RACINE configuration with a thicker

blanket ring {18 cm instead of 10 cm) is being studied. Subsequently, the inter-

rupted control rod experiments will be continued. The completion of the previ-

ous RACINE program has been scheduled for August 1984.

Dlans for 1985 provide for SPX-2 related RACINE experiments which, for in-
stance, deal with the omission of the axial breeding blanket and the internal
fuel element store. For this purpose, DeBeHe inter alia envisage an extension
of the lease of fissile material of KfK.

Safety calculations of a reactor core typical of the Super Phenix design were

carried out at KfK by means of the SAS3D program system. Moreover, KfK ex-

panded the BACCHUS code orginally adopted from Grenoble into a three-dimension-

al single-phase transient version; in the near future a 3D two-phase version

will be available. BACCHUS serves for calculations of the thermodynamics and

fluid dynamics in cluster geometries.

The TP 7 experiment in the French SILENE test reactor was recalculated by means

of the Karlsruhe LAKU program. TP 7 was used to study the kinetics of fission

product gas release as a result of high heating rates. The computed results in-

dicate that the generation of microcracks as a result of high internal bubble

pressures should be modeled in LAKU, for it decisively influences fuel failure

and gas releases at high heating rates.



158 The German-French Working Group on Breeder Safety plans a concerted program on

code developments regarding sodium fires and aerosols. The PARDISEKO aerosols

code is to be improved with respect to convection. Within the framework of a

sensivity study (conducted as a common action of the DeBeNe/CEA partners)

NABRAND was used to carry out some first parameter calculations of spray fires;

the corresponding calculations with the French PULSAR spray fire code are to

follow.

Work is being carried out in the Phenix reactor and in Cadarache to test and

further advance a method formerly developed at KfK and tested in KNK II for pre-

cise control of the coolant flows through individual fuel elemtents. The method

is based on comparing measured fuel element outlet temperatures with dynamic

reference temperatures calculated on line by means of a simple fuel element mod-

el.

Within the framework of the Charlemagne cluster irradiation experiment, the

properties of cladding tubes of various modifications of DIN 1.4970 and AISI

316 types of steel with and without the addition of Ti were compared.

The RS 5 failed fuel experiment conducted in the Siloe reactor on a fuel rod of

the Super Phenix type with a pre-irradiation burnup of 2.2 at.% and a rather

minor fabrication fault was subjected to post irradiation examinations. There

had been a limited reaction between sodium and the fuel. No release of fuel or

increase in diameter was found. The PS-0 experiment (blanket rod from Phenix,

568 full load days) was carried out in 1983. The PS-1 experiment Super Phenix

(fuel rod pre-irradiated 11% in Phenix, 1.4970 type cladding material) was pre-

pared', irradiation will begin in early 1984. Another experiment, KS-1, with a

full scale KNK 1 I/I fuel rod with 4.8% burnup has been prepared for startup in

the autumn of 1984.

The SNR Mk.II experiment in the Phenix reactor has been started. The fuel rods

fabricated by ALKEM and Belgonucleaire (50% each) had been assembled by RBU at

ALKEM. These two Mk.11 fuel elements and the helical wire fuel rods also manu-

factured by ALKEM for the Saphir experiment were shipped to Belgonucleaire. Af-

ter addition of the Saphir fuel rods fabricated by Belgonucleaire, the two

Saphir clusters

were assembled in France. The Saphir experiment concerns rods made by the

Phenix concept. Irradiation for the two tests began in late November 1983.

The POUSSIX in-pile experiment, which is also under preparation, serves to

elucidate the load cycling behavior of long fuel rods with varied fuel smear

densities and is to be carried out in the Phenix reactor as a common action.

Agreements have been signed on the planned IDEFIX experiment. In this experi-

ment, which is also to be carried out in Phenix, complete fuel rod clusters

with cladding tubes made of dispersion strengthened ferritic steel grades are

to be irradiated. The corresponding agreements were concluded by SCK/CEN Mol,

the Centre de Recherches Hetallurgiques of Liege, Usines Emile Henricot, the

Belgian Ministry of Economics, the French CEA, and SERENA. The first IUEFIX

fuel element is to be loaded in Phenix in November 1985.

An ultrasonic sodium flowmeter of the nominal width 100 developed by Interatom

was tested in a loop of EdF at Les Renardieres at temperatures of 300 and

400 °C. The reading of the unit was linear compared to the reference, and no

temperature dependence was found. The tests were carried out in France because

of the strong French interest also existing in this development. Ultrasonic

flowmeters are being developed as an alternative design to the permanent

magnetic units used so far. Major weight advantages would result especially in

pipes of large nominal widths.

The concluding RAPSODIE experiments were attended by delegates of Interatom who

also carried out calculations on the transient dynamic behivior of the reactor

core. The experiments demonstrated the inherent safety of the plant and were

conducted in April 1933 prior to the final decommissioning of RAPSODIE.

The RIPCEX II irradiation in RAPSODIE produced favorable findings on the disper-

sion strengthened ferritic steel varieties developed in Belgium. As was con-

firmed in post-irradiation examinations conducted at Cadarache, ferritic steel

shows hardly any swelling.

At the "Ecole Sodium" of Cadarache a training course for future shift personnel

of the Kalkar Nuclear Power Station was organized by request of SBK.



The International Study Group for Fast Breeder Reactors proposed by the French

CEA was constituted under the name of Argo in Paris on August 31, 1983. The fol-

lowing organizations and firms are members: CEA and Novatoine from France; KfK

and Interatom from Germany, Belgonucleaire and Neratoom, and the ENEA state or-

ganization and the NIRA company from Italy. The group is to advance the devel-

opment of the breeder line. It is open to other partners and is available to

the utilities for exchanges of information.

already irradiated. For this purpose, another rod with two new specimen cap-

sules will be loaded. One of the 84C capsules will be provided with a so-

dium bonding.

The materials irradiation tests going on in the PFR unfortunately suffered de-

lays as a result of operational problems (only partial load operation being

possible because of steam gpnerator failures).
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2. Cooperation with the United Kingdom

On September 5, 1983 the British Secretary of Energy announced that the British

Government had decided in favor of opening formal negotiations with the objec-

tive of reaching an agreement on joint breeder development with France, Germa-

ny, Italy, Belgium and the Netherlands. Corresponding Memoranda of Understand-

ing were signed by the governments of the Fed. Rep. of Germany, France, the

United Kingdom, Italy and Belgium on 10 Jan. 1984, with an option to the Nether-

lands government to join the agreement.

DeBeNe has been cooperating with the British UKAEA in a number of specific

fields for many years already. In the past those had been, among others, experi-

ments in the Dounreay Fast Reactor and the Variable Energy Cyclotron, experimen-

tal studies of structural materials for code validation, chemical (thermite)

tests at Foulness to simulate a fuel-sodium interaction in a model of the reac-

tor core of the SNR 300, and nuclear measurements in zero power as-

semblies of large homogeneous and heterogeneous breeder cores within the frame-

work of the BIZET program.

The joint projects of 1983 mainly comprised the following activities:

An irradiation experiment is going on in the PFR reactor with the absorber mate-

rial planned for use in the SNR 300. After half the target burnup had been

reached (118 of 240 planned full load days), one of the three rods was removed.

The rod consists of two capsules with EuB6 and B4C, respectively. UKAEA con-

ducted an interim inspection with visual observations, capsule measurements and

weight determinations. Additional post-irradiation examinations are to be

carried out in the Hot Cells of KfK. The second phase of irradiation in the PFR

began in late 1983, which is to result in the full target burnup for the rods

Seven experiments have so far been carried out within the framework of the PFR-

TREAT program. KfK participates in them under the CAPT agreement concluded by

KfK and CEA with UKAEA in February 1980. Three single rods in NaK capsules were

subjected to fast power ramps in the American TREAT re<ictor; the rods had

burnups of 0%, 4% and 9% (after pre-irradiation in the PPR). Two experiments

with pre-irradiated single rods were conducted next in a sodium flow, with slow

ramps simulating the inadvertent withdrawal of control rods. The TRAVIC comput-

er program reflected the results quite well.

In the evaluation of the BIZET program, extensive studies were conducted of con-

trol rod reactivity worths and the different neutron physics properties of

plate and rod loadings. Evaluation of the BIZET experiments was largely com-

pleted with the recalculation of the sodium void measurements in the heteroge-

neous assembl1 es.

A CEA/KfK/IA discussion about acoustic boiling noise detection together with

UKAEA was held in Paris on January 28, 1983. Both CEA and UtCAEA envisage the in-

stallation of an acoustic monitoring system in the SPX 1, SPX 2 and CDFR, re-

spectively. The Tiain reason cited is the insufficient monitoring of fuel ele-

ments and, in addition, the diagnostic aid provided in unforeseen cases of fail-

ure. Although the fault tree analyses show extremely low occurrence probabili-

ties for sodium boiling, its occurrence is nevertheless postulated.

Consequently, the development work at CEA and UKAEA is directed specifically at

the implementation of systems ready for use and advanced methods of evalua-

tion. The results achieved in this respect and any questions still open, respec-

tively, were exchanged. UKAEA ncs presentda draft agreement on exchange/cooper-

ation to be further processed by CEA and KfK for presentation to the Steering

Committee.
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tural materials under strong mechanical loads have been evaluated in coopera-

tion with KfK. At the same time, KfK reported results of KNS sodium boiling ex-

periments to the UKAEA.

3. Cooperation with the USA

On March 15 - 18, 1983 a DOE/CEA/DeBeNe Local Fault Exchange Meeting was held

at ANL. The meeting served to discuss, among other subjects, the Mot 7C experi-

ments carried out to date and to present a first report about the P4 experiment

conducted in the Experimental Test Reactor of Idaho. In P4, extreme conditions

had been created with three blockages in the expectation of demonstrating that

even under extremely unrealistic conditions there could be no failure propaga-

tion and the American safety concept could thus be corroborated.

The different results obtained in P4 (there was propagation) as against the pre-

vious findings in Mol 7C (no propagation) must be evaluated in connection with

the very different boundary conditions in the two types of experiments. Only a

limited comparison of the results is possible. In P4, both cylindrical block-

ages led to the formation and instantaneous release of liquid fuel (a few cubic

centimeters). No events of this type were observed in the Mol 7C experiments.

A follow-on meeting to be held in Europe in mid-1984 was envisaged at which the

complete evaluation of P4 and some first results of Mol 7C/4 and 7C/5 would be

discussed.

At the Sandia National Laboratories (SNL) test series on fuel corruption are

being carried out with the participation of delegates from KfK. These experi-

ments conducted in the Annular Core Research Reactor (ACRR) of Albuquerque, New

Mexico, are intended to contribute to the clarification of fuel rod behavior un-

der conditions of a hypothetical loss-of-flow accident without scram. The FD2/4

test series was completed. A consistent simulation of the whole FD series was

conducted with the SANDPIN code of SNL and the Karlsruhe LAKU code. The strong

increase in volume after melting observed with the slower transients (such as

FD2/6) is predicted for a slightly earlier point in time by both codes. Simple

improvement of the melting model results in improved approximation to the exper-

iment. The violent rupture prior to the onset of melting observed at the faster

transients (such as FD4/3) is predicted surprisingly well by the disruption cri-

terion in SANOPIN. However, this code quite considerably underestimates the

transient gas release. On the other hand, LAKU contains no criterion for the

fuel disruption.

ACRR also furnished experimental reference data on the problem of fuel vapor

pressure in major accidents. For extrapolation of the vapor pressure of UO2 up

to the critical point the Significant Structures Theory has been expanded at

KfK so as to take into account also the chemical compos!tion of the gas phase

(UO2, UO, UO3, 0 ) . Some preliminary test calculations resi/lt in a vapor pres-

sure of roughly 60 bar at 5000 K and a critical temper-jture slightly below

3000 K More recent vapor pressure measurements conducted in the ACRR, however,

seem to indicate that this vapor pressure is too high. As soon as all test re-

sults are available the theoretical model will be fitted to more rucent data.

The SIMMER II program for the calculation of energetic core disruptive acci-

dents is verified experimentally. At the Los Alamos National Laboratory, where

this code was developed, KfK participates in Upper Structure Dynamics (USD) ex-

periments. In the theoretical model underlying the program it is assumed that

in these accidents there will first be disintegration of the reactor core

causing neutron multiplication to stop. This process is described by the SAS3D

computer program developed at ANL. It furnishes the input data for the SIMMER

calculation of the subsequent core disassembly phase, which is driven by high

pressures and temperatures in the core.

The USD experiment has shown so far that the expansion times of core disassem-

bly up to tl-e load acting on the vessel top shield are increased by the restric-

tion of the flow in its narrow chanels to such an extent that a large portion

of the energy content of the fluid can be delivered as he.it to the cold struc-

tures. This considerably reduces the load acting on the vessel top shield, [n

this way, the USD experiment confirms the findings of the SIMMER computer pro-

gram.

Differences in the development of uncontrolled loss-of-flow accidents in the

transition from the SNR 300 to large breeder reactors with homogeneous and het-

erogeneous core arrangements were studied with the American SAS3D code. One im-

portant question to be investigated was the potential for mechanical energy re-

leases likely to occur as a result of neutronic excursions. As a consequence of



the conservative method of l im i t ing energy releases in the primary excursion in

uncontrolled loss-of- f low accidents for the SNR 300, the homogeneous core on

the whole shows a s l i gh t l y more adverse picture than the heterogeneous one. I f

the expansion effect and early dispersion were taken into account f u l l y , rela-

t ive ly mild boiling-induced power excursions would result also in large homoge-

neous cores.

4. Cooperation with Oapan

In the FPL 2 fission product loop of Toshiba installed in the TTR reactor of

Kawasaki numerous experiments have been going on since September 1982 with the

objective of monitoring fuel rod cladding failures. In the 21 experiments con-

ducted till the end of 1983, 1150 gamma-spectra were recorded. The spectra are

evaluated at KfK. Among the important results elaborated to date, the first

proof of the existence of fluorine and strontium nuclides in a sodium primary

system must be mentioned in particular. Already in the period 1973 to 197Ü, the

behavior of fission product elements in a stainless steel-sodium system had

been studied in a joint German/Japanese venture in the FPL-1 loop. However,

since many important nuclides could not be measured in the FPL-1 system, the

new FPL-2 loop was designed and built. The experience accumulated in running

the first loop was taken into account in the new design.

The test program conducted with FPL-2 will be completed in the spring of 1984.

In the remaining experiments, temperature gradients will be generated in the

loop and, as an additional parameter, the oxygen concentration in the sodium

will be varied. Evaluating the very large data volume will take quite some time

still.

A .Japanese-German-French meeting on exchanging experience m operating fast re-

actors was organized at 0-arai in the period October 24 - 27, 1983. Some of the

subjects dealt with included the successful commissioning of the JOYO reactor

with a thermal power increased to 100 MW, the startup of the second core of

KNK II, and a survey of ten years of operation of Phenix. Also introduced were

the results of post-irradiation examinations of fuel elements and the end-of-

1ife tests conducted in the RAPSODIE reactor (cf. Section 1, German-French Coop-

eration).

A seminar organized with PNC in Tokyo on November 14 - 18, 1983 was devoted to

risk analyses, especially those for the SNR 300. KfK and Interatom reported

about the risk-oriented study carried out by Science Applications Inc. under a

German contract and with German participation. The corresponding analysis by

the Gesellschaft für Reaktorsicherheit was also discussed. On March 29, 1983 an

agreement had been concluded between KfK/Interatom and PNC about the exchange

of R+D results in the field of breeder safety.

On November 18 - 29, 1983, a DeBeNe-CEA-PNC group, among other topics, dis-

cussed safety calculations of core disruptive accidents, licensing procedures,

fuel element failures, transient and loss-of-flow experiments. Future special-

ists" meetings agreed upon will deal with thermohydraulics, radiological conse-

quences of accidents, sodium boiling, and local fuel element, faults.
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A three-day Specialists' Meeting on LMFBR Aseismic Design and subsequent tours

of experimental facilities in November 1982 showed the great efforts spent in

Japan on experimental investigations of earthquakes. The results can be used to

verify the theoretical setups corresponding to seismic conditions in the Feder-

al Republic of Germany or to improve t'se information to be derived from model

experiments. From the result of a conceptual design study for a 1000 MWe demon-

stration breeder reactor it can be inferred that, from a seismic point of view,

softer soils are more favorable than the hard-rock sites previously preferred

but now gradually becoming scarce.


