
Les travaux de realisation de 1'installation Esmeralda d'essais de

feux de sodium de grande ampleur (plusieurs dizaines de tonnes) se dSroulent

conforaement au planning : la date de mise en service est toujours envisaged

pour mi-1982.
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Elle est particulierement etroite depuis plusieurs annees entre

les cinq pays europe'ens : France, Italie, RSpublique Federale d'Allemagne,

Belgique, Pays Bas (DeBeNe). La realisation de la centrale de Creys Malville

en est actuellement la materialisation concrete.

La collaboration se poursuit Sgalement, selon les accord conclus,

avec tous les pays actuellement engage's dans le dSveloppement des reacteurs

a neutrons rapides.

L'annee ScoulSe n'a pas apporte de faits marquants dans la situation

existante.

In 1967 and 1968 the Federal Republic of Germany, the Kingdom of Belgium and

the Kingdom of the Netherlands ("DeBeNe") agreed to develop, in a joint

program, breeder reactors to the point of commercial maturity. The following

research organizations take part in this effort:

- Kernforschungszentrum Karlsruhe (KfK)

- INTERATOH, Bergisch Gladbach

- ALKEM, Wolfgang near Hanau

SCK/CEN, Moi

Belgonucleaire, Brussels

ECN, Petten

TNO, Ape! doom

NERATOOM, The Hague.
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The three German institutions mentioned above have been interrelated since 1977

by the Entwickl ungsgemei nschaf t (EG) Schneller Briiter. Between KfK, INTERATOM,

and the French Commissariat a VEnergie Atomique contracts were concluded in

1977 about close cooperation in the Fast Breeder field, with association of the

Belgian and Dutch partners.
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The results of research and development activities carried out by the DeBeNe

partners in 1980 have been compiled in this report. The report begins with a

review of the energy policy background, followed by an R&D summary. The bulk of

the report following next is organized by the Working Groups of the R&D Program

Working Committee of the Fast Breeder Project; additional chapters provide

information about the operation of KNK II and the construction of SNR 300. In

the annexes a survey is given of international cooperation.

I. ENERGY POLICY BACKGROUND

1. Introduction

The comprehensive study completed 1980 in a joint effort of 46 countries on

"International Nuclear Fuel Cycle Evaluation" (INFCE) has underlined the need

for the introduction of fast breeder reactors. The international status is

characterized by the large number of power reactors developed, which are cooled

with sodium and operated with fast neutrons. The aggregate operating experience

at present available amounts to roughly 100 reactor years. Plant programs still

need broad backing by R&D programs which, because of the high expenditure invol-

ved, are frequently carried.out within the framework of multinational associa-

tions.

The SNR 300, a 300 MWe nuclear power plant, is being erected at Kalkar on the

lower Rhine River as a joint venture by Germany, Belgium and the Netherlands.

Its heat transfer system is designed along the same principles as that of KNK

II, i.e., the pumps and the intermediate heat exchangers are located out-

side the reactor vessel (loop-type concept). Construction of the SNR 300 was

begun in 1973, commissioning is planned for 1986. Satisfactory progress Is

being achieved in the fabrication of components, some 80 % of which have

already been completed. There has been a delay in assembly work on site and,

closely related with it, also in the licensing procedure. Although a number of

partial permits have already been granted, the permits for the primary system

and for plant operation are still missing.

The particularly demanding technical criteria in Germany, e.g., with respect to

external impacts (airplane crash etc.), core disruptive accident (Bethe-Tait

complex), in-service inspections and inherently safe design have contributed to

delays in the project. In addition, the SNR 300 breeder project has become the

source of political discussions which, just as a number of lawsuits, have in-

fluenced the development of the project. The Fact Finding Committee on "Future

Nuclear Energy Policy" of the German Federal Parliament approved continuation

of the construction of the SNR 300 in a report submitted in 1980 and accepted

the development of the breeder line as part of government research policy.

In the Federal Republic of Germany, the Compact Sodium Cooled Nuclear Reactor,

KNK II, has been in operation since 1978. The plant, which is equipped with a

fast reactor, is an experimental nuclear power station of 20 MWe power located

on the premises of the Karlsruhe Nuclear Research Center. It was built by INTER-

ATOM, a subsidiary of Kraftwerk Union. The Karlsruhe Nuclear Research Center,

which is the owner of the plant, uses the power station preferably for various

types of experiments, in addition to electricity generation. Most of them

involve in-pile testing of new fuels and fuel element designs. Moreover,

instrumentation tests and a large variety of engineered operating tests are

being carried out.

2. Report by the Fact Finding Committee of the German Federal Parliament

In December 1978, the German Federal Parliament had adopted the political

decision to continue construction of the SNR 300 and the necessary research

work. A fundamental parliamentary debate and decision is to be organized prior

to commissioning of the SNR 300. In preparing that debate, the Federal Parlia-

ment instituted the Fact Finding Committee on "Future Energy Policy" in March

1979. The Committee consisted of seven representatives of the three parties

represented in the Federal Parliament and eight experts of the pro-nuclear and

the anti-nuclear sides. The report of the Commission, which comprised some 600



pages, was submitted on June 25, 1980. Here are some of the more important find-

ings:

- Continued construction of the SNR 300 is advocated, as are the R&D efforts

connected with It. No stand is as yet taken on commissioning, one of the

reasons put forward being that this was not required in view of the timetable

of the project.

- The licensing authority is confirmed to have incorporated in the ongoing

licensing process all safety related questions.

- In the Committee's view, operation of the SNR 300 will not yet give rise to

the problem of a piutonium economy.

- The Committee demands a risk oriented analysis on the safety of the SNR 300

and a literature search on the upper limits of energy release in a Bethe-Tait

accident.

- Construction of a demonstration plant for reprocessing nuclear fuels within

the framework of the provisions for the back end of the fuel cycle is being

demanded.

The Committee recommends that the social, ecological and political problems

associated with the adoption of nuclear technology on a large scale be studied

by 1990. After that phase, a decision should be taken whether the utilization

of nuclear technology, including the breeder line, is to be continued on a

larger scale.

3. Resolution on Breeder Development by the Council of Europe

On January 18, 1980, the Committee on Science and Technology of the Council of

Europe in a clear majority opinion advocated the continued development of the

breeder line in Western Europe. The deliberations had been preceded by a public
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parliamentary hearing in Brussels on December 18-19, 1979 on the subject of

"economic and safety aspects of fast breeder reactors", which had been attended

by 150 experts (pro and con).

The majority of the experts participating, weighing the pros and cons, came to

the opinion that the construction of breeder reactors should be supported and

responsibility for that development should be adopted.

II. SUMMARY:

PROGRESS IN R&D WORK AND IN THE KNK II AMD SNR 300 REACTOR PROJECTS

Research and development work by the German, Belgian and Netherlands partners

for the Fast Breeder Project led to a number of important results in 1980,

which are outlined in Chapter III below. They relate to fuel element and mate-

rials development, some nuclear fuel cycle activities, fast reactor physics,

extensive work in the fields of breeder safety, sodium technology, and expe-

rience in fast reactor construction and operation. A brief rundown of the most

important results is given below.

1. Fuel Element and Materials Development, Nuclear Fuel Cycle:

Three newly developed methods of fabricating mixed oxide fuel are being em-

ployed already in preparing in-pile experiments in the Rapsodie and Phenix

reactors. These approaches are being pursued with a view to improved fuel

dissolution for reprocessing purposes.

Unirradiated specimen cladding tubes subjected to internal pressures were

exposed to pressure and temperature transients. Where these transients corre-

sponded to relevant reactor operating transients, they had no influence on the

creep behavior of the material. Design calculations by means of a theoretical

model describing the mechanical behavior of cladding tubes under transient

effects have shown that high temperature embrittlement may cause claddings to

fail more rapidly in loss-of-^coolant accidents.



As has been evident in cladding material irradiations simulated by bombardment

with nickel ions, void swelling is greatly reduced by lowering the Cr-content

while, simultaneously, raising the Ni-content, and also by increased contents

of Si and Mo.

Irradiated pressurized capsules made of the material of the SNR wrapper tubes

indicated some influence of the stress applied upon the swelling behavior of

the material. Moreover, post-irradiation examination indicates that radiation-

induced creep is not necessarily a linear function of stress.

Abrasion and wear tests of materials of fuel element distance pads under sodium

demonstrated the importance of the characteristics of motion as parameters. In

material pairs made of chromium carbide a clearly reduced friction coefficient

was measured, after a higher frequency vibration had been superimposed upon the

standard movement.

2. Physics and Safety:
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The results of the critical experiments for "homogeneous" large breeder cores

at the same time constitute further support of the methods of computation.for

the SNR 300. Thus, evaluation so far of the German-British BIZET experiments on

homogeneous arrangements of reactor cores has indicated 12? maximum deviation,

compared with theory, for the reactivity worths of large sodium voids; for the

reactivity worths of a number of control rod configurations, the difference was

below 10%.

Neutron cross sections of americium and curium isotopes were evaluated for the

KEDAK nuclear data library. Moreover, adjusted point cross section data of thir-

ty different fission products are now available for that purpose. This is a ma-

jor factor in predictions of the influence of fission products on safety coef-

ficients.

For welding the high-temperature alternative structural plant material, 1.4919,

a related alloy was developed. In the light of extensive short-term and long-

term experiments, the experts accepted it up to operating temperatures of 600

°C.

Development work on the disassembly of SNR 300 Mark II fuel elements prior to

reprocessing is aimed at extracting the complete subassembly after separating

the fuel element base. Demonstration tests, in which irradiation induced fuel

rod deformations had been simulated, indicated that tensile forces of not more

than 4000 N are required to extract the rod subassembly.

At Mol, an experimental facility on low-temperature rectification of Krypton in

offgas cleaning was run practically continuously for 12,000 h. The successful

test was carried out on non-radioactive Krypton. The decontamination factor was

at least 1000.

To determine impurities in sodium, a method has been developed for fluorometric

detection of traces of uranium in the ppb range. Examinations of the carbon con-

centrations of sodium in loops indicated that only a small part of the total

carbon concentration, which can be determined analytically, is actually in-

volved in carbon transport processes.

Reactor experiments with defective fuel rods indicate that signals of delayed

neutrons (DND) rise overproportionally as a function of reactor power; accord-

ingly, failure detection by DND becomes more difficult at low reactor powers.

With respect to shutdown criteria, the results obtained so far seem to indicate

no local loss of flow, no pin-to-pin failure propagation, and only minor fuel

dispersion in cases of failed cladding tubes. The formation of a uranate-

plutonate layer due to the chemical reaction between the oxide fuel and pene-

trating sodium was observed. Although this results in fuel rod swelling, the

layer formed seems to "patch up" the failure spot.



The out-of-p-ile experiments on loss-of-flow with local boil ing furnished major

results: Under normal SNR 300 conditions, the boil ing temperature is not

reached with central 49S blockage in the fu l l subassembly (169 rods). However,

boil ing occurs in case of a 21% edge blockage. In both types of blockage, both

steady state and pulsating boil ing occurred as a function of the test para-

meters chosen. The safety margin between the onset of boiling and the onset of

dryout is smaller in the edge blockage than 1t is in the central blockage.

Hydrodynamic ins tab i l i t y was not found. Gas injection precipitated the occur-

rence of dryout.

The KINTIC 2 kinetics code for simulating operating transients and the i n i t i -

ating phase of hypothetical core disruptive accidents (HCDAs) with space-depend-

ent neutronics was used to study the effects of space-dependent dynamics for a

2000 MWe sodium cooled fast breeder reactor in a loss-of-flow accident. Point

kinetics was found to be conservative for this type of accident. I ts error can

be reduced to a negligible level by means of a simple correction.

The transit ion phase and the phase of Integral materials movement in SNR 300

HCDAs were calculated by a modified version of the American SIMMER I I computer

program, good agreement being found with earl ier applications of the Karlsruhe

KADIS program. Additional analyses conducted by means of SIMMER were devoted to

the expansion and unloading phases in the reference case with the reactor core

voided. They confirm that the release of mechanical energy amounts to only a

fraction of the mechanical energy developing as isentropic expansion work of

the hot fuel two-phase mixture acting on the inert gas volume.

The CMOT code, describing movements of the cladding material in major accidents

by means of Eulerian coordinates, was incorporated 1n the American SAS3D pro-

gram system. As a test for the resulting new "SAS3DC" system, also a TREAT ex-

periment was computed. The SAS3DC calculations reproduce the TREAT results much

better than did SAS3D. Moreover, the SAS3DC simulations of loss-of-flow acci-

dents of 300 MWe reactors predict lower transport rates of the cladding materi-

al than do the SAS3D calculations; accordingly, the SAS3DC system yields less

pronounced react iv i ty consequences than does SAS3D.
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For simulating fuel rods In out-of-pile studies of accidental cladding mate-
rials and fuel movements, rods with aluminium-thermite were used. In 19-rod
experiments, peak pressures were recorded up to 120 bar with halflives <2 ms
and pressures of approx. 14 bar after times > 5 ms. The simulated fission prod-
uct gas pressure level influenced the intensity of the reaction encountered.
Sodium was expelled prior to the ejection of molten material Into the cooling
channels. Porous blockages were formed in the upper part of the rod bundle.

To determine failure mechanisms, 19 single rods in capsules filled with sodium
were irradiated under anomalous conditions In the Petten HFR. Under steady-
state high cladding tube temperatures, the time to failure was considerably
shorter for pre-irradiated fuel rods than for "fresh" ones.

The Hoi 7C/3, loss-of-flow experiment in the BR 2 reactor, with an active
porous blockage of highly enriched UO2, proceeded without any failure propa-
gation, as the two earlier experiments in this series had, and rod failure was
finally indicated by DND. Directly following operation for five days indicated
that Integral cooling of a severely damaged fuel element at full power can be
ensured over long periods of time.

In the CABRI reactor, a first experiment was conducted on a fuel rod pre-
irradiated in the Phenix reactor (burnup, 8200 MWd/t). On the basis of a steady-
state power of roughly 540 W/cm, energy on the order of 0,615 kJ/g was intro-
duced into the fuel in the course of a fast transient. In the light of post-
irradiation examinations so far, the rod did not fail during the experiment.
One experiment with 1.4 kJ/g of energy input resulted in a fuel-sodium inter-
action and major movement of the fuel.

With respect to the SNR core-catcher design studies were conducted on the
behavior of NaK under the influence of humidity in the containment, and data
were determined about the reaction kinetics and any hydration stages produced
of KOH and NaOH. Even If the Inertization atmosphere contains large amounts of
water vapor, which could only happen in the presence of undiscovered N2 cooler
leakages, the rate of H2 formation turned out to be very low.



At Petten, the influence of; relative humidity on the aerodynamic properties of

sodium fume aerosols was determined experimentally. At 30% relative humidity,

the aerodynamic diameter attains 1.2 ym. This is significant with respect to

aerosol behavior in a reactor containment in a reactor accident.

The results of sodium pool fire tests show that the theoretical models applied

(PARDISEKO, SOFIRE II, NABRAND) slightly overestimate the bulk aerosol concen-

trations, while considerably underestimating the combustion rate, the gas and

sodium temperatures. There are also uncertainties, e.g., in determining the dy-

namic form factor.

Results of laboratory scale experiments so far conducted on releases of UO2,

Cs, I and Sr from hot sodium pools, compared with PARDISEKO calculations, show

that the code slightly overestimates the experimental findings, such as aerosol

concentration and particle size.

A reventing air cooler for the outer SNR containment has been studied with re-

spect to its behavior relative to aerosols. Plateout problems observed ini-

tially were found to be soluble by injection of water onto the air inlet side

of the cooler. Aerosol deposits on the air reventing blower did not cause any

difficulties.

3. Sodium Technology:

For thermohydraulic calculations of rod subassembly design geometries, the

VITESSE program is being developed. Comparison with results obtained on 19-rod

experiments showed satisfactory agreement in terms of velocity distribution,

but still indicated major deviations in temperature distributions. Measurements

of momentum transport in off-design geometries (wall channel of a subassembly)

indicated this transport to be highly anisotropic, especially at the narrowest

points of the channel; this 1s where turbulence effects are felt. Other experi-

ments exhibit major influences of grid spacers on azimuthal differential tem-

peratures.
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An inflatable seal for the rotating SNR shield was irradiated under air with a

beta dose corresponding to five years of operation in a reactor run with 1%

defective fuel rods. The seal remained functional under these conditions.

A fuel element shuffling device attained a number of actuations in long time

containment tests which is roughly 10% above the lifetime of that component,

which is estimated to run up to twenty years.

In-service inspections of the reactor tank above the sodium operating level can

be performed by means of TV cameras, as was found out in laboratory experi-

ments .

For in-service inspections of the SNR straight-tube superheater, an ultrasonic

measuring system has been tested successfully for determination of the wall

thicknesses of the heat transfer tubes.

For the primary pump of a large loop-type sodium breeder, a topping impeller

has been developed. This greatly reduces the main dimension of the pump, while

saving some 30% in weight. The new combination has meanwhile been tested succes-

fully in water on a 1:2.7 scale.

The prototype of an intermediate heat exchanger was exposed to transients corre-

sponding to those of the SNR 300. In none of the test runs were undue differen-

tial temperatures found in the component; accordingly, the design of these com-

ponents meets the criteria under dynamic conditions.

4. KNK II Experimental Nuclear Power Station

Energy generation in KNK II so far roughly corresponds to 200 full load days.

The test zone of the reactor has reached an average burnup of approx. 40,000

MWd/t. Uninterrupted full load power operation over a period of six weeks was

achieved between April 24 and June 5, 1980.



In summer 1980, one year after the f i r s t fuel element defect, a fault was de-

tected in the test fuel element with the highest burnup. The dry sipping method

furnished f inal proof of the location of the defect. After exchange of the de-

fective fuel element for a standby element, KNK I I was returned to fu l l load.

Analysis of the causes of reactivity changes caused by gas bubbles was com-

pleted in early 1980. The main source of gas entry has been stopped by valves

installed in the vent l ine . Now only very small amounts of cover gas penetrate

into the primary sodium. The main source of this gas penetration are the drive

shafts of the sodium pump.

The fabrication of mixed oxide fuel rods for the f i r s t follow-on core of KNK I I

is going on at ALKEM, A newly developed fabrication technique for the fuel is

being used, which produces mixed oxide of higher density highly soluble in

ni t r ic acid.

KNK I I is furnishing valuable experience, inter alia in the fields of sodium

chemistry and instrumentation, by i ts operation and the experiments conducted

in i t .

In KNK I I , the gamma spectrometer connected to the cover gas system has been

able to detect cladding failures by fission product gas measurement earl ier

than the delayed neutron detection signal (DND) switched to theprotedion syslem.

In monitoring the radionuclide inventory in the KNK I I primary sodium by means

of gamma spectrometry, the radioactivity concentration of Mn-54 was found to be

twice as high as that of Na-22, with Zn-65 ranking th i rd .

The tr i t ium content of the water-steam loop of KNK I I rose to a surprisingly

high level as a result of an open failure of a fuel rod, but s t i l l remained

below the value assumed for the secondary system of a pressurized water reac-

tor.

Hydrogen leak detectors attained 40,000 hours of operation without major prob-

lems.
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5. SNR 300 Prototype Nuclear Power Station

Granting of the partial construction permit 7/3(1) on June 10, 1980 estab-

lished an important precondition for assembly work on a larger scale. Most of

the completion work going on in construction is in the auxiliary reactor sys-

tems and switching systems buildings and in the cooling water extraction

structure. These activities prepare and support mechanical and electrical as-

sembly work.

The storage facility for fresh fuel elements has been completed and reduced to

standby conditions by means of dry air.

Assembly of the cell internals was begun in early September; the double tank

was installed in November; assembly of the argon systems, ancillary sodium

systems and switching systems and completion of the control room are under way;

cabling has been started.

In fabrication of the rotating shield, considerable consequences arising from

additional criteria imposed by the experts are being taken into account. Prob-

lems of nozzle loading and- suspension of the intermediate heat exchanger are

being clarified.

A modified design has been elaborated for the steel shell of the containment,

which is largely independent of thermally induced strains of the concrete

containment. For this purpose, all penetrations and locks are equipped with

compensators and the connecting elements between steel plate and concrete are

made movable.

For solving fabrication problems in the helical tube steam generators, a con-

cept is at present being harmonized with the experts, and fabrication will be

continued afterwards.

Other problems presently being clarified with the expert institutions, among

others, relate to impacts of airplane crashes, application of sets of rules not

specific to SNR type reactors, and recurrent in-service inspections.



III. REPORTS BY THE "DeBeNe" WORKING GROUPS

1. DEVELOPMENT OF NUCLEAR MATERIALS AND CORE ELEMENTS

1.1 Fuel, Blanket and Absorber Materials

1.1.1 Behavior of Fuel and Blanket Materials

Work was concentrated on the introduction of the new high-density fuel to be

used in the follow-on core (Mark II) of the SNR 300 instead of the low-density

Mark la variant. Thus, a beginning-of-life experiment in the Rapsodie reactor

and an experiment on the mechanical interaction between fuel and cladding in

the Phenix reactor were planned and specified together with the CEA. In both

experiments, the new variants of fuel fabrication are already being applied,

which had been developed with a view to improved solubility in reprocessing.

1.1.2 Studies of Absorber Material

Irradiation of B4C and EuBg absorber pellets in the British PFR has been

started. In cooperation with the CEA, irradiation in Phenix of B4C under

conditions typical of the SNR line has been prepared. Specifications of the

components to be made available by DeBeNe (B4C pellets, porous end plugs,

cladding tubes with internal Nb coating) were completed and the efficiency of

the internal Nb coating as a getter material to reduce internal corrosion was

tested in out-of-pile experiments. Development of a technique of fabricating

EuBs pellets was continued; the method economically most advantageous, a

special isostatic pressing technique, was examined.

1.2 Technological and Mechanical Behavior of Nuclear Materials

1.2.1 Technological Work on Cladding Tube Material

Creep-rupture experiments were conducted on 1.4970 SNR 300 reference material

to examine the influence of the solution annealing temperature of a reduced
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B-content (20 ppm instead of 30 ppm) and of a number of natural and man-made

defects on cladding tube material behavior.

Unirradiated tube specimens subjected to internal pressures were exposed to

pressure and temperature transients; creep behavior was not observed to be

influenced by relevant reactor operating transients. The influence on transient

behavior of surface defects is presently being studied. A theoretical model

describing the mechanical behavior of the cladding tube under transient condi-

tions was supplemented by taking into account radiation induced high tempera-

ture embrittlement. Design base calculations indicated high temperature em-

brittlement being l i ke ly to contribute to faster fai lure of the cladding in a

loss-of-flow accident.

1.2.2 Technological Work on Fuel Element Structural Material

Creep-rupture tests over long residence times ( i l O 4 h) were conducted to

determine the creep behavior of SNR 300 wrapper material, 1.4981 steel , also at

low, design relevant stresses.

1.3 Systematics of the In-p i le Behavior of Core Materials

1.3.1 Swelling and Radiation Induced Creep

Pressurized capsules made of 1.4981 wrapper material had been irradiated in the

Ripcex I experiment in the Rapsodie reactor. Destructive post-irradiation

examinations revealed that the stress applied had an influence on the swelling

behavior, and that radiation induced creep does not necessarily depend linearly

on stress.

1.3.2 Basic Studies of Radiation Induced Defects

The precipitation behavior observed of 1.4970 fuel rod cladding tube steel

offered some indications of changes in properties of the material during

reactor operation. In addition to the expected precipitations, for the first

time also the boride phase, (Cr, Fe^B, was proved for 1.4970 type steel.



Simulation experiments on void swelling (irradiation with Ni-ions) for Mark II

cladding tube steel, 1.4970 kv, exhibited recrystallization due to irradiation,

the nuclei of which had been the deformation bands of cold working. The simu-

lation experiments moreover indicated that void swelling of the reference

steel, which contained 15% Cr and 15% Ni, is greatly reduced by

- reducing the chromium content and increasing the nickel content,

- high Si and Mo-contents.

1.4 Corrosion and Tribology of Core Materials

Friction and wear tests of wear resistant materials under sodium in the past

indicated the characteristics of movements to be major parameters. For this

reason, in view of the exp'ected complicated movements going on in reactors,

tests were carried out on pairs of chromium carbide materials, in which the

standard movement had been superimposed a vibration at a higher frequency. The

measured friction coefficients associated with the superimposed movement were

clearly lower than in the standard case.

1.5 Core Element Irradiation

An instrumented materials test rig was developed for loading into the core of

KNK II. It is to be used for examining tube specimens, whose internal pressure

is controlled and temperature monitored, with respect to their in-pile creep

and swelling behavior.

The in-pile experiment involving 13 rods of the batch fabricated for the SNR

300 first core (dia. 6 mm, fuel density 86.5% t.d.) is to begin in PFR in 1981.

Work on assembly of the subassembly at the UKAEA Springfields Laboratories has

been completed.

After resumption of the Rapsodie reactor operation the irradiation of 19 fuel

rods equipped with helical wire spacers (Rapsodie II experiment) was completed

in November 1980. The burnup attained at the end of irradiation was approx. 9

at.*.
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The first defective fuel element from the KNK II test zone is presently being

disassembled in the Hot Cells of KfK. The hexagonal fuel element wrapper tube

was removed without any difficulties; also withdrawal of individual rods from

the grid structure has been unproblematic so far. No defect has as yet been

detected in the roughly 130 rods singled out to date.

1.6 Uork on Core Element Design

1.6.1 Improving Mechanical Methods

In cooperation with the CEA, BelgoNucleaire used its SWAMB computer code to

calculate the stress-strain relationships in a Rapsodie and a Phenix helical

wire subassembly; theoretical and experimental results agreed very well.

Developing methods of stress analysis in single components concentrated on the

SNR Mark II subassembly structure. The computer programs of the first genera-

tion had been adapted to the specific boundary conditions of the core elements

by 1979 and had since been continuously adapted to the state of the art.

Methods of elastic analysis of grid spacers and inelastic analysis of compli-

cated components are available. Another code is to enable detailed computations

tc be carried out on the wrapper tubes clamped in the whole core structure.

After the IAMBUS fuel rod computer code had been found useful in developing

proof in the licensing procedure, IAMBUS was tested in a version expanded to

high-density fuel and employed to yield project information. Moreover, one

IAMBUS version is being developed for evaluation work on the transient program.

1.6.2 Failure Mechanisms

In the so-called operating transients program, possible operating transients
and their impacts on fuel element behavior are studied. This does not involve
safety related problems, but refers to the availability of fuel elements.



Initially, fresh KNK II fuel rods will be tested in HFR capsules and in the VIC

loop of BR2. Later on, after 1982, once the reencapsuiation technique will have

been developed, KNK II fuel rods pre-irradiated in a fast neutron flux can be

tested.

In 1980, four startup ramp experiments were conducted to study the startup

behavior of typical KNK II rods in DUELL capsules in the Petten HFR. Each DUELL

capsule contained two identical test fuel rods with original KNK II/l fuel

pellets and could be moved radially relative to the reactor core by means of a

carriage in order to control power during reactor operation, which design

achieved a maximum of 10% power change per minute.

For 1981, three experiments on true KNK II rods have been prepared: two opera-

ting ramp experiments in KAKADU capsules in the Petten HFR, and the first

transient experiment with a combined loss-of-flow/power ramp in the VIC loop of

the BR2.

In the German-French failed fuel program, oxide fuel rods containing defects

are being irradiated over prolonged periods of time in a sodium loop in the

Grenoble SILOE reactor. Plant data and the mode of operation of the specimens

correspond to standard operating conditions in the SNR 300, i.e., part load and

full load and typical slow power changes.

The test program has been arranged in accordance with the following main para-

meters: burnup (fresh/high burn-up fuel rods), type of defect and mode of

reactor operation (constant/cyclic power operation). So far, five experiments

on single rods have been conducted.

Three experiments with Mark la fuel rods containing artificial defects at the

hot spots of the claddings were completed in 1979. The fourth experiment, RS-1,

with a Super Phenix specimen rod pre-irradiated to more than 110,000 MWd/t in
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RAPSODIE, was completed in late May 1980. Evaluations and post-irradiation

examinations will be continued until 1981. The RS-5 experiment has been

specified as a German-French Common Action and will be started in June 1981.

Despite major artificial rod defects at the hot spots of the claddings, fuel

discharge has been slight in all previous SILOE experiments, even after many

weeks of power cycling operation.

The major finding has been this: In operation, the uranate-plutonate layer

formed (by the reaction between oxide fuel and entering sodium) results in

swelling of the fuel rod, but, on the other hand, this layer apparently

"patches up" the defect, thus limiting the fuel discharge and preventing

failure propagation.

1.7 Development of Core Elements

1.7.1 Development Work on Core Element Disassembly prior to Reprocessing

Development work on the disassembly of Mark la and Mark II fuel elements of the

SNR 300 has been going on with the objective to separate the complete fuel rod

subassembly from its structural parts in one operation. The individual rods can

then directly be passed on to reprocessing. Work in 1980 comprised some basic

disassembly studies of Mark la fuel elements. In the light of those experi-

ments, modifications of the fuel element have become necessary: the cell dia-

meter of the lower spacers must be made larger, the geometries of the structur-

al rods must be changed.

A device had to be designed for disassembly of the Mark II elements, which

makes it possible to extract the complete subassembly after separation of the

base of the fuel element. Demonstration tests, in which such deformations of

irradiated fuel rods had been simulated as enlarged rod diameter, bowed rod

subassembiies and extreme fabrication tolerances, indicated that maximum ten-

sile forces of 3000-4000 N are required for extraction of the complete rod

subassembly (comprising 127 rods).



2. MEASURING TECHNIQUES, INSTRUMENTATION AND SODIUM CHEMISTRY

2.1 Development of Processes for Impurity Assays in Sodium

A method has been developed which allows traces of uranium in the ppb-range to

be detected in sodium. Traces of uranium contamination in the primary sodium

may be caused by impurities in the sodium as supplied, by external

contamination of the fuel elements, and by defects in the fuel element cladding

tubes. For analysis, the residue of the vacuum distillation of a sodium sample

is examined by fluorometry; the limit of detection is 0.4 ppb of uranium in 4 g

of sodium.

Only a very small part (roughly 1 ppm) of the bulk carbon concentration, which

can be assayed analytically in sodium (roughly 10 ppm), is chemically active

and involved in carbon transport processes. Methods of determining the C-activ-

ity of sodium by assaying the equilibrium concentration in foils were studied

intensively.

2.2 Radiochemical and Chemicotechm'cal Studies

2.2.1 Radiochemical Studies in Sodium Systems

After restarting of KNK II in mid-March 1980, samples were regularly taken from

the tertiary cooling system of the plant at three points (from the feedwater

tank, upstream of the steam generator, in the main steam) for assays of the

tritium content. The most interesting result revealed that operation at 40S of

the rated power, in the presence of an open rod failure (cf. Chapter IV), ra-

pidly caused the tritium content in the water-steam system to rise to levels

never before measured at any time. However, the highest measured value was

still below the level assumed in the secondary systems of pressurized water

reactors (1 nCi/ml). Whether the rise was in any way connected with the rod

defect, or caused by changed operating parameters at 40? power operation, will

have to be found out in future measurements.
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Radionuclide deposition processes in sodium were observed in the thermopump

loops of the SILOE reactor. The fourth experiment of the fai led fuel program

(cf . 1.6.2) offered an opportunity to examine the deposits of Zn-65 and Mn-54

on nickel, iron and stainless steel at temperatures above 500 °C. Zn-65 was

only found on the nickel samples. The amount of Zn entering obviously was ad-

sorbed completely by the nickel samples (outside the neutron f ie ld) so rapidly

that only a small quantity of Zn-65 was formed.

2.2.2 Radiochemical Studies of Cover Gas Systems

After the second fuel element fa i lure of KNK I I had become obvious in August,

samples of the primary cover gas were taken at 40% power operation. In addition

to Ar-41, Kr-85m, Kr-88, Xe-133, Xe-133m, and Xe-135 were measured and, after

their decay, also Kr-85 and Xe-131m. Cs-138 and Rb-88 were precipitated as aero-

sols on upstream membrane f i l t e r s .

2.2.3 Development of Radiochemical Methods

The long-term gamma spectrometric surveillance of the radionuclide inventory in

KNK primary sodium was continued. By the middle of the year, the radioactivi ty

concentration of Mn-54 (30 kBq/g Na) had attained twice the value of the

specific radioactivity of Na-22 (15 kBq/g Na). Zn-65, with 10 kBq/g Na, ranked

th i rd . Gamma spectrometric assays were supplemented, as usual, by activation

analyses of traces of metallic impurities in the sodium. This furnishes in for -

mation about the mass transport connected with radionuclide transport. For the

f i r s t time, also specimens taken from the KNK secondary systems and the fuel

element storage pool were examined by activation analysis.

Most of the work performed on the sorption of radionuclides onto material sam-

ples is being concentrated on the development of radionuclide traps. For this

purpose, capsule tests were carried out in the laboratory and experiments in

KNK I I . The sorption onto nickel of Mn-54 and Zn-65 was found to depend on the

roughness of the surface and to increase markedly with r ising sodium tempera-

ture, for the same lengths of exposure (diffusion of Zn in Ni) . The sorption of



zinc is an irreversible process. In a number of capsule rig tests (up to 1200

hours at 250 °C), it was not possible to return into the solvent sodium any

Zn-65 radioactivities which had precipitated on coupons and Pall rings.
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2.4 Systems and Component Monitoring

2.4.1 Acoustic Monitoring of Steam Generators

2.3 In-service Measuring Techniques for Sodium Systems

2.3.1 Monitoring Sodium Purity by Probes

An electrochemical carbon probe with a gas reference electrode has been fab-

ricated; some first tests conducted In a laboratory showed a dependency of the

EMF on the flow velocity of the reference gas (5% CO, 5% CO2, 90% Ar) and on

the temperature of the fused salt electrolyte (Li2C03-Ma2C03 eutectic). The

tests are continued.

For' quantitative description of the transport of tritium from the primary

system to the secondary system and on into the watersteam system in accordance

with a node! developed by Kumar, also information about the rate of hydrogen

generation in the primary system is required. At present, it is being examined

whether a hydrogen detector can be backfitted into the primary sodium system

of KNK II.

2.3.2 riowweters for Wain Pipelines

A number of principles can be used as a basis for the further development of

flow measuring systems for main pipelines. In order to limit the development

risk and the costs it is attempted to conduct this work in international co-

operation. For this purpose, an IA^A Specialists Meeting was held in Bensberg

in February 1980 on the subject of "Sodium Flow Measurement in Large LMFBR

Pipes", at which recoirmendations were elaborated for further development.

The acoustic pickups for steam generator monitoring were reinforced for use at

temperatures UD to 650 °C by encapsulation in stainless steel; at this tempera-

ture, they have a sensitivity of 10 pC/g.

2.4.2 Leak Detection in Steam Generators

The hydrogen leak detectors in KNK II attained 40,000 hours of operation (incl.

KNK I) without major problems. Hydrogen diffusion from the water-steam system

of 0.27 mg of '^/m2 corresponds to 1.5 ppb/h. A test rig was set up in the la-

boratory to improve the calibration techniques of the hydrogen detection sys-

tem.

2.5 Core Monitoring

2.5.1 Global Core Monitoring by Boiling Detection

As proof of the functioning capability of the electrical boiling generator

provided for use in KNK II, a prototype was subjected to preliminary experi-

ments in the NABEA out-of-pile facility of KfK, with a view to tracing sound

pressures and acoustic transmission, from the location of boiling by means of a

simulated reactor core up to the detector, for various detector positions.

The spectra of the sound pressures measured in various positions were used to

derive the signal-to-noise ratios between boiling noises and background noises.

These 30 to 40 dB ratios are relatively high; however, extrapolation to reactor

conditions, with larger structures and higher background noise (due to sodium

pumps at rated loads), indicated that acoustic boiling detection will not be

easy. This point is to be clarified by an experiment planned in KNK II.
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2.5.2 Global Core Monitoring by Nuclear Measurements

In KNK I I , cladding fai lures were determined early by fission product gas meas-

urement by means of the gamma spectrometer in the cover gas system, i . e . , prior

to the DND signal switched to the protection system. Since the method seems to

be promising for early faul t detection, the background is to be reduced fur-

ther.

As the parent nuclei of delayed neutrons, the iodine and bromine f ission prod-

ucts were studied in the f ission product loop (at Toshiba). Earlier studies of

the behavior of xenon after decay of the iodine parent nuclides had indicated

that xenon, the daughter product of iodine precipitated on the tube walls,

remains absorbed onto the tube walls. The f ission product loop evaluations

proved that this result can also be extrapolated to the bromine/krypton system.

I t was also found that bromine and iodine are precipitated at time constants of

less than 2 s. Both results are s igni f icant, both for cladding fa i lure moni-

toring and for problems of systems contamination.

2.5.3 Individual Core Monitoring by Nuclear Measurements

Mass spectrometric studies on Xe-tagging were extended so as to include the

ident i f icat ion of fa i led fuel elements by determining the rat io of Xe-131/

Xe-134 f ission product noble gas isotope releases. This rat io depends on the

original fuel composition and on burnup. For the f i r s t time, an isotopic rat io

of 0.478 in KNK I I in July 1980 was taken as an indication of a plutonium

bearing fuel element being a leaker.

In the f ie ld of monitoring by delayed neutrons (DND), the fai led fuel experi-

ments conducted so far (cf. 1.6.2) show the following results: DND signals

increase overproportionally relat ive to the reactor power for a given defect

size, i . e . , fa i lure detection becomes more d i f f i c u l t at low reactor power;

further work on the separation of the influences of power and temperature is

necessary.

2.5.4 New Measuring and Analytical Techniques

For high-sensit ivity monitoring of fuel element outlet temperatures, the

so-called compensation method has been developed and tested in KNK I I . In this

technique, the temperature variations induced by neutron f lux variations are

compensated, which allows more precise tracing of the true fuel element outlet

temperatures. For this purpose, each fuel element is simulated thermohydrau-

l i c a l l y in the on-line mode on a miniature computer, especially the effect of

the measured neutron f lux . The simulated fuel element outlet temperature gen-

erated in this way is subtracted from the measured outlet temperature, i . e . ,

one obtains an outlet temperature from which the natural neutron flux varia-

tions have been subtracted.

3. NEUTRON PHYSICS AND NUCLEAR CORE DESIGN

3.1 Planning and Evaluation of Nuclear Experiments

3.1.1 Experiments in SNEAK

In November 1980 the first assembly, SNEAK 12A, of the SNEAK 12 project jointly

carried out by DeBeNe and CEA/CNEN went critical for the first time. The assem-

bly serves to study the nuclear effects of changes in the core geometry of a

fast breeder reactor in accident situations.

In one experiment in the SNEAK 12A assembly, the basic structure will be varied

by shifting fuel and steel in such a way as to simulate a meltdown process in

the central core region. Above all, the reactivity worths of the different con-

figurations will be determined in this test run. Comparisons with supporting

calculations will verify the methods to be adopted in computing such compli-

cated configurations.

3.1.2 Experiments on Other Zero Power Assemblies

In the field of dosimetry, testing of niobium dosimeters has been developed

further. Because of its cross section curve and its long halflife, niobium is



particularly suitable for fluence measurements in materials irradiations. Nb

specimens irradiated in the BR2 and in other reactors were distributed to a

number of European laboratories; a ±5% consistency of the measured results was

obtained.

3.1.3 Critical Experiments for Large Breeders

In late July 1980, measurements conducted in the BZD/3 assembly at Winfrith

were completed. This was the last assembly in the BIZET project, developed

jointly by DeBeNe and UKAEA, to study the reactor physics parameters of homo-

geneous and heterogeneous fast breeder reactors in the 1300 MWe category.

The BZD/3 assembly was a single-ring core without control rods, a so-called

clean core. It was used to measure distributions of reaction rates, materials

data, and the influence on the sodium void coefficient of distributed absorbers

(for simulation of fission products). Moreover, a long term irradiation test

was carried out to verify neutron cross sections (e.g., Am-241, Am-243), and a

comparison of rod and platelet zones was made.

Evaluation of the BIZET experiments on the DeBeNe side was still limited prima-

rily to the homogeneous BZA and BZB assemblies. The factors recalculated in-

cluded keff, sodium void coefficients, reaction rate distributions and condi-

tions, and control rod experiments. In the reactivity worths of large sodium

voids, the differences between calculations and experiments do not exceed 12%,

which is satisfactory. Irrespective of their significance for reactor cores of

the 1300 MWe category, the results of evaluations of the homogeneous BIZET

cores represent another verification of the design of the SNR 300 and the

methods used for it.

For the heterogeneous BIZET assemblies, so far only one ganma power distribu-

tion measurement has been evaluated. Other evaluations are under way. All

results are carefully compared with the corresponding results achieved inde-

pendently by the U.K. side, and discrepancies are being discussed. For this

purpose, three meetings were arranged in 1980. Also the experimental techniques

36
of both sides were compared carefully. This applies in particular to rate and

thermoluminescence dosimeter measurements, the latter serving for determination

of the gamma power distribution.

In March 1980, the RACINE 1A assembly at Cadarache went critical for the first

time. It is the first assembly in the RACINE Project carried out jointly by

DeBeNe and CEA/CNEN, which is devoted to studies of reactor physics parameters

of fast heterogeneous breeder reactors of the 1300 MWe category.

RACINE 1A, an assembly with a central breeder and two annular fuel zones, has

so far been used for measurements of reaction rates (objectives: power distrib-

ution and breeding ratio) and for sodium void measurements. In the measurements

for spatial rate distributions, asymmetries were found which rendered evalua-

tion difficult. This problem will be solved by correcting the measured results

or by changing the setup of the reactor core. In preparation of the continued

RACINE program, a detailed proposal for control rod measurements has been

worked out.

3.2 Use of and Additions to Nuclear Data

Measurements in a Van-de-Graaff accelerator of the isomeric ratio in the

neutron capture of Am-242 and the capture width of prominent s-wave resonances

in isotopes of iron and nickel were evaluated.

For thirty different fission products, adjusted point cross section data in the

KEDAK format have been made available by ECN Petten. In this connection, vari-

ous supporting studies were carried out, such as the contributions to fission

product capture of (n,p) and (n,a) processes and the Influence of fission pro-

ducts on the sodium void effect.

3.3 Development of Diffusion and Transport Codes

The three-dimensional D3D and D3E diffusion codes can now be used also with

anisotropic diffusion coefficients. The three-dimensional ROSI coarse-mesh code

has been expanded to fit hexagonal geometries (ROSIH).



Further optimization calculations were performed on the use of the three-

dimensional KASY synthesis diffusion code. By means of the results of KASY, the

KASBA code generates bowing- coefficients, while the D3BIER code furnishes the

corresponding reactivity worths; these two parameters can then be used to calcu-

late the bowing coefficient.

The ONETRA and TWOTRA transport codes were equipped with buckling options, the

DOT IV transport code was taken over.

The KAPER heterogeneity code was compared in detail with HETAIRE, its CEA equi-

valent.

The fast flexible three-dimensional design code in hexagonal geometries, DEGEN,

which is based on single-group coarse-mesh calculations, was tested further.

Intercomparison calculations showed good results also for large mesh widths.

3.4 Basic Work on Core Design

The first set of reactivity coefficients for a heterogeneous large breeder core

were completed as a starting point for safety analysis.

In connection with the influence of the core geometry on safety and design para-

meters of fast breeders, cores with internal blanket layers were studied. Al-

though they can cut in half the void effect in the fissile material, the sum

total of void effects of the fissile material and the fertile material remains

roughly constant. Moreover, the absorber efficiency decreases very much in

thick blanket layers {by some 30%).

4. SAFETY

4.1 Studies of Hypothetical Core Disruptive Accidents

4.1.1 Calculating the Initiation and Disassembly Phases

Early analyses of hypothetical accidents for the SNR 300 were continued in

order to clear any remaining inconsistencies and cast in more precise terms
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certain accident phases. The results confirmed earlier findings. Even if

recriticality events are taken into account, mechanical energies in excess of

100 MJ, which is the former upper limit, are not to be expected. This value is

clearly below the 370 MJ used as a design basis of the SNR 300 primary system.

Several correction sets obtained from LASL were used to generate a new version

of the SIMMER II computer program. The program also incorporated corrections

made by KfK, which also greatly reduce computation costs. SIMMER II was applied

first to problems of the transition phase and the phase of integral materials

movements in the SNR 300. For extended boiling fuel-steels pools in the core

region, relatively good agreement was found with KADIS calculations.

SIMMER analyses in 1980 on the expansion and disassembly phases were concen-

trated on the definition of a reference case in the SNR 300. Cases with voided

cores were studied in detail, and the interrelation of the different phenomena

is now clarified and understood in most respects. For this reference case, it

was found that the release of mechanical energy amounts to only a fraction of

that mechanical energy which is encountered as isentropic expansion work of the

hot two-phase fuel mixture on the cover gas volume.

For verification of the SIMMER analyses experiments were defined, some of them

with external partners. These experiments are to improve our understanding of

aspects of thermodynamics and fluid dynamics in the expansion phase. One experi-

ment has been carried to the point of implementation together with the Stanford

Research Institute.

The CMOT code, which describes the movements of cladding material by means of

Eulerian coordinates, was incorporated in the SAS3D program system. For testing

the resulting new SAS3DC system, several test cases were computed with this

system and, in parallel, with the SAS3D system using, instead of CMOT, the

CLAZAS code based on Lagrangean coordinates: the R5 TREAT experiment, a mild

loss-of-flow accident In a 300 MWe reactor, and the same accident in a modified

300 MWe reactor, in which the void coefficients were artificially -reduced to

zero.



The SAS3DC calculations reproduce the results of the R5 TREAT experiments much

better than do the SAS3D calculations. Moreover, i t is seen that the SAS3DC

simulations of the loss-of-flow cases of the 300 MWe reactors predict lower

transport rates of the cladding material than do the SAS3D calculations; accord-

ingly, the consequences, reactivitywise, of using the SAS3DC system are less

pronounced than those associated with the use of SAS3D.

The LANGZEIT/KURZZEIT code for simulation of steady-state and transient f ission

product gas behavior has been expanded by models covering transient gas release

from porosities and descriptions of creep effects at high temperatures. The

results of In-pi le experiments and transient laboratory experiments were recal-

culated successfully. However, recalculation of in-p i le experiments in the ACRR

(FD-1 series) s t i l l di f fers from the experiments by a factor of 2, which is due

to the absence of a stress-strain model.

The following new data were introduced into the significant-structures model

for determination of the equation of state. of UP? at maximum temperatures:

l inear UO2 molecule, "international averages" for vapor pressure and heat of

sublimation at 2150 K, according to Ackermann and Rand. The data resulted in a

vapor pressure of roughly 10 bar at 5000 K, while direct measurements at Karls-

ruhe by means of the laser heating technique indicated values between 60 and

120 bar, and in-p i le measurements at ACRR (by Sandia, U.S.A.) were even higher.

Development of the KINTIC 2 kinet ic code for simulation of operating transients

and the i n i t i a t i ng phase of hypothetical accidents with space-dependent neu-

tronics was completed. The program was used to study the effects of space-de-

pendent -dynamics for a 2000 MWe sodium cooled, fast breeder in a loss-of-f low

accident. Point kinetic simulation turns out to be conservative for this acci-

dent. I ts error can be reduced to a negligible level by means of a simple

correction.

4.1.2 Out-of-pile Experiments on Materials Movements

Fuel movements, destruction of fuel rod claddings, and redistr ibution of molten

cladding tube material and fue l , with the possibi l i ty of blockage formation,
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are being studied experimentally. Rods of aluminium-thermite are used to simu-

late fuel rods with the following characteristic data: rod diameter, 7.6 mm;

typical reactive length, approx. 500 mm; heat generation, 3800 J/cm; maximum

temperature, 3800 K. Simulation of the f ission product gas pressure is possible

and has been tested, accompanied by a simultaneous reaction of rods in the sub-

assembly within 60 ms. In the experiments so far performed on single rods,

3-rod and 7-rod subassemblies, the temperatures, pressures, sodium voids and

sodium flows were measured. The redistr ibution of materials was assessed by

means of X-ray cinematography (1000 frames/s).

19-rod experiments were started in late 1980; preparations are under way for a

37-rod subassembly.

Results obtained to date:

- Peak pressures up to 120 bar with half l ives <2 ms were recorded.

- Pressures of approx. 14 bar existed after times >5 ms.

- The level of the simulated fission product gas pressure influences the

intensity of the reaction occurring.

- Sodium is expelled prior to the ejection of molten material into the cooling

channels.

- Material moved inside the rod towards the f i r s t occurring leak.

- Porous blockages were formed in the upper part of the rod with the simulated

blanket zone.

A computer program for advance calculation and recalculation, respectively, of

the materials movements occurring in the experiments is presently being ver i -

f ied on the basis of test results.

4.1.3 Mechanical Effects of Hypothetical Accidents

The ROPLAST computer code describes the propagation of shock waves in c i rcu i ts ,

taking into account plast i f icat ion of the piping. The code was applied 1n the

analysis of a primary system for Bethe-Ta1t accident conditions and 1n a second-

ary c i rcu i t analysis for multiple pipe ruptures In steam generators.
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4.1.4 Reactor Vessel Burst Experiments

Since the energy released in the second tank burst experiment (on a 1:6 scale)

had been much smaller than anticipated in the ARES advance calculation, Belgo-

Nucleaire and Interatom, on the basis of the test results (pressure and strain

curves at the shield tank) and using simplif ied hydrodynamic models, set up a

modified charge characterization, which seems to indicate a large measure of

agreement between calculation and experiment.

4.2 Studies of Fuel Element Failure

4.2.1 Loss of Flow with Local Boiling

The out-of-pi le experiments on the "local boi l ing" problem were completed and

evaluated. Here are the results:

- Under normal SNR 300 conditions, the boil ing temperature is not reached in a

central 49? blockage in a f u l l subassembly (169 rods). However, boi l ing

occurs with a 21% edge blockage.

- In both kinds of blockage, both steady-state and chugging boil ing occurred as

a function of test parameters.

- The safety margin between the onset of boi l ing and the onset of dryout is

narrower in the edge blockage than in the central blockage.

- Hydrodynamic ins tab i l i t y in the subassembly caused by local boil ing was found

in none of the blockages studied.

- Injection of gas produced rapid dryout as a function of sodium flow and gas

volume. This result was obtained both in the presence of boi l ing and under

single phase flow conditions.

Local boi l ing studies are being supplemented by water experiments on porous

blockages. These experiments are to show whether porous blockages are asso-

ciated with higher temperatures than t ight blockages of the same magnitude.

From preliminary results of experiments on a porous 21% blockage this appears

not to be the case. Experiments are continued with a central blockage.

4.2.2 Loss of Flow with Integral Boiling

The experiments revolve around studies of the LOF accident (pump fai lure) under

SNR 300 conditions and the associated incoherences in dryout of cooling chan-

nels resulting from different temperature distributions in the overall sub-

assembly. For studies of this category of problems, experiments are planned on

a 37-rod subassembly in early 1981. The subassembly can be used to simulate

skewed load conditions. The electr ic heaters used have sinusoidal power

distr ibut ions. Additional experiments on the behavior of decay heat removal by

natural convection are planned.

In January 1980, KfK had taken over from CEN Grenoble two computer programs,

BACCHUS-P and BACCHUS-T. BACCHUS-P describes the steady-state thermohydraulic

condition of a subassembly under single-phase or two-phase conditions,

BACCHUS-T in a two-dimensional ( r ,z) geometry describes the thermohydraulic

conditions under transient single-phase conditions. The codes have been

veri f ied and advanced. Recalculation of three sodium boil ing experiments showed

good agreement between the computed results and the experimental data up to the

onset of boi l ing.

4.2.3 Cladding Tube Failure and Fault Propagation

19 single rods were irradiated in sodium f i l l e d capsules under anomalous

conditions In the Petten HFR with the purpose of determining especially fai lure

thresholds for the claddings and the fuel and fa i lure mechanisms. At steady-

state high cladding tube temperatures, times up to fai lure were considerably

shorter for pre-irradiated fuel rods than for "fresh" ones.

Also in HFR, a total of 24 loss-of-flow experiments have so far been conducted

on single rods, 12 of them on pre-irradiated rods. Post-irradiation examina-

tions are s t i l l going on.



4.2.4 In-pile Studies on Fuel Element Failure

The Mol-7C experiments have been designed in such a way that absence of the
additional cooling system of an axially extended porous blockage will result in
boiling and dryout followed by meltdown of several fuel rods in the blockage
region. The experiments are intended to show whether there will be rapid or
slow propagation of the fault throughout the entire test subassembly. The third
experiment in October 1980 completed the test series on fresh fuel. Unlike the
first two experiments, an active porous blockage was used consisting of coated,
highly enriched UOg spheres. As in the two earlier experiments, rod failure was
reliably indicated by DND. There was no failure propagation. The sequence of
events was directly followed by five days of operation. This indicated that
integral cooling of a severely damaged fuel element at full power can safely be
ensured over long periods of time.

A study on the feasibility of Mol 7C experiments of the present concept, but
using KNK II fuel rods of medium burnup, has been completed. For 1982, two
experiments are planned.

The CABRI facility at Cadarache, which was damaged by fire in August 1979, has
been restored. In May 1980, the first experiment was conducted with a fuel rod
pre-irradiated in the Phenix reactor. The burnup achieved amounted to 8200
MWd/t. On the basis of a steady-state power of roughly 540 W/cm, an energy of
0.615 kJ/g was introduced into the fuel in a rapid transient. Post-irradiation
examinations so far seem to indicate that the rod did not fail in the experi-
ment.
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to fail as a result of power transients under LOF conditions. A new series of
tests are being planned, which will be supported by KfK and adapted to SNR
conditions as closely as possible.

In the TOP facility of the Petten HFR, tests with slow transients are being pre-
pared. For this purpose, also capsules for testing the instrumentation and the
shielding behavior of BF3 were irradiated; an electromagnetic sodium pump and
heat exchangers were tested out of pile.

4.3 Computerized Reactor Protection System

The employment of computers in reactor protection systems has not yet been
permitted in West Germany. In order to solve the licensing problems of computer
hardware and software, a prototype system is to undergo the usual licensing
procedure and to be tested by installation in KNK II. The scram algorithm,
however, will not yet be made effective in KNK II.

For that purpose, a modular system has been developed consisting of four
computer groups with various tasks. Each group consists of three redundant
computers, in compliance with the threefold redundancy of the KNK II instrumen-
tation. This system has been analyzed with respect to the technical (and
financial) requirements that it is expected to fulfil. Contrary to earlier
concepts, the system 1s to be provided with 16-bit single-board computers
instead of process computers.

In November and December, two other experiments were conducted in which 1.4
kJ/g of energy was introduced into unirradiated test rods. Pressure transducers
in the test section indicated a fuel-sodium interaction; major fuel movements
were observed by the hodoscope. Afterwards, the plant was shut down for instal-
lation of a new test loop permitting higher energies to be applied.

DeBeNe also participates in the fuel disruption experiments going on at Sandia,
U.S.A. In these experiments, a short section of an irradiated fuel rod is made

4.4 Safety Studies of Individual Components

4.4.1 Studies of the Core Catcher

Work on the core meltdown problem mainly includes the following aspects:

- Studies of materials behavior: molten core - core catcher or crucible
materials.

- Behavior of radioactive substances In the molten core.



The SUSI melting facility has been built for the experiments. For simulation of
conditions in a sodium cooled reactor, a sodium vapor atmosphere must exist
above the molten pool. The space above the crucible has therefore been designed
as a furnace chamber, which can be heated to 1000 °C. Fresh sodium is contin-
uously added to the furnace chamber and extracted again through a removal
section. Sodium is added as a solid, but transported into the furnace chamber
as liquid, sodium. Dosage 1s very uniform over long periods of time. The sodium
vapor extracted from the furnace chamber together with the argon cover gas is
cooled, the condensed sodium removed in a removal section. The section is termi-
nated by a fine filter (lOu).

In the melting experiments In the SUSI facility, substances evaporating from
the melt are carried from the furnace chamber together with the sodium vapor
and removed together with the sodium. For this reason, a large number of sodium
samples must be analyzed in each experiment.

With respect to the SNR core catcher system, theoretical and experimental
studies were carried out on the behavior of NaK relative to humidity in the
containment and data were determined on the reaction kinetics and any hydration
stages generated of KOH and NaOH. Even if the water vapor content of the iner-
tization atmosphere is high, which would be possible only in the presence of an
undetected leak in the N2 cooler, the rate of H2 formation would be quite low.
Estimates of the reaction between hot sodium and the NaK reaction products to
be considered after a Bethe-Tait accident were made to determine a realistic
contribution by hydrogen to the containment.

4.4.2 Studies of the Heat Transfer System

The DEVIL program has been developed in order to compute, within reasonable
computation time, dynamic long-time transients in the steam generator system.
The main characteristic of the code is the use of implicit solution methods,
thus enabling long time steps to be used for slow transients. The heat ex-
changing components, such as evaporators and superheaters, the interconnecting
pipings, feedwater supply systems, water removal systems, main steam systems
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and feedwater preheating systems are simulated. The subprograms for feedwater
supply and water removal systems were completed and integrated into the main
program.

The modular DYANA code system for the dynamic analysis of plant events, acci-
dents and post-scram behavior of the core, the primary and secondary systems
was used to define the controlled temperature reduction during the post-scram
long term phase. In addition, shutdown transients from power operation to a
quasi-isothermal condition of readiness for warm startup were studied. A set of
temperature data were established for stability analysis of the main systems.

4.5 Aerosol Problems and Sodium Fires

Three sodium pool fires, F1-F3, were arranged in the Karlsruhe FAUNA facility.
Fl and F2 were pool fires of 2 m2 size involving 150 and 250 kg, respectively,
of sodium. The F3 FAUNA experiment was a sodium pool fire in a fire pan of 12
m2 containing 500 kg of sodium. The results differed greatly in some respects.
Thus, the mean gas temperature in F3 was 309 °C, as against only some 110 °C in
Fl and F2. In F3, a peak temperature in excess of 700 °C was observed for some
minutes. Also the release of sodium from the fire pan, which amounted to more
than 40? of the sodium charge, greatly exceeded releases in the F2 experiment
(approx. 5%). Also the burning rate was in excess of the values found in Fl and
F2 (a maximum of 94 kg/m2/h for a short time only), and so was the maximum
aerosol mass concentration (30 g 3

Aerosol mass concentration curves for the Fl and F2 experiments were computed
by means of the PARDISEKO code and compared with experimental values. Agreement
was satisfactory. However, in some cases the code still computes mass concentra-
tions higher than those actually measured. Uncertainties continue to exist,
e.g., in determining the dynamic form factor. In the future, they are to be
removed by means of improved measuring techniques. Measurements of a laminar
convection flow conducted in the FAUNA boiler above an electrically heated 2 m2

pan are to back the development of a convection term for aerosol codes.
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The NABRAND code for calculating temperatures and pressures of sodium pool

fires in closed containments was expanded by a module for calculating sodium

spray fires. The three FAUNA experiments on pool fires were recalculated by

SOFIRE II and NABRAND. The result: the computer codes in some cases considera-

bly underestimate the main parameters . determined experimentally, such as

burning rate, gas temperature and sodium temperature.

The first phase of laboratory experiments on releases of UO2, Cs, I and Sr from

hot sodium pools, NALA I5 has been completed. To understand the transition from

forced convection under isothermal conditions (NALA I) to natural convection at

a high temperature gradient above the sodium pool (MALA II), a series of tests

were conducted in an open, heated test vessel (approx. 100 g of sodium) in an

Inertized glove box. The retention factors, RF, for U and Sr are slightly

higher in natural convection than in forced convection. However, for iodine,

the RF was found to be roughly 3, irrespective of convection and concentration.

The particle size distribution of the sodium aerosols is a log-normal distribu-

tion with d (50%) = 0.6 ym.

The NALA II experiments are performed on a larger scale using approx. 1 kg of

sodium evaporated at 400 to 700 °C in a heated test vessel (130 °C). With re-

spect to the retention factors, the results from earlier laboratory experiments

were confirmed in most cases. The maximum aerosol concentration was around 20

mg of Na/m3, the average particle size was near 2 v-ra. The PAROISEKO code

slightly overestimates such experimental values as aerosol concentration and

particle size.

ECN determined experimentally the influence of relative humidity on the

aerodynamic properties of sodium fume aerosols. At 30% relative humidity, the

aerodynamic diameter attains 1.2 wn. This is important for aerosol behavior in

the reactor containment in a reactor accident.

ECN also developed a theory for the penetration of sodium aerosols through the

reactor containment, especially for aerosol deposits in cracks in the concrete.

The theoretical results are presently being compared with the results of a

number of experiments conducted by ECM with models and concrete specimens

showing cracks. Also gas leakage measurements were conducted on solid concrete

blocks of SNR 300 quality. The results can be compared with corresponding data

from the technical literature.

5. THERMOHYDRAULIC AND TECHNOLOGICAL STUDIES OF CORE COMPONENTS

5.1 Thermohydraulics of Fuel Elements and Blanket Elements

A thermohydraulic subchannel analysis program is ready for use.

In connection with the thermohydraulic experiments in nominal geometries, the

VITESSE computer program is being developed. It is based on the solution of the

fundamental differential equations for turbulent flows and heat transfer. For

solution of the Reynolds equation, either the mixing length model or the

kinetic energy model of turbulence is used.

Comparison between theoretical predictions and test results shows satisfactory

agreement in the velocity distributions, but still major deviations in the

temperature distributions. For this reason, more experiments are needed to

improve and verify the computer program.

5.2 Studies of Fuel and Blanket Elements in Air and Water

5.2.1 Pressure Profiles in the Subassembly Area

The pressure loss coefficients of perforated plates of different geometries are

determined experimentally in steady-state and non-steady state flow processes

in systems filled with water and are compared with each other. The results

constitute the basis of verification or modification of theoretical simulation

models. Steady-state measurements of the pressure loss coefficients of several

perforated plates were carried out and evaluated. The results are in good

agreement with data found in the literature. The non-steady state experiments

began in late 1980.
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running time, 10,000 m3/h gas flow, 51 °C gas temperature at he heat exchanger

inlet, 200 mg Na/m^ aerosol content.

Over the first 24 hours, no changes were found in the flow and in the

differential pressure measured across the cooler. Inspection openings on the

cooler surface exposed to the incoming air stream revealed a whit layer, which

had formed on the visible cooling fins. As the experiment went on, the differen-

tial pressure continued to rise and the flow dropped to 70% within 55 h. When

the flow only amounted to 50%, the experiment was stopped for lack of cooling

capacity. Subsequent inspection of the cooler indicated that almost the entire

area exposed to the incoming air stream was tight. The depth of penetration of

the deposits between the fins amounted to 20-30 mm. The downstream fins were

almost completely clean. On the impeller wheel of the radial blower, which was

arranged upstream of the cooler, a deposit of aerosols was found which,

however, did not cause any difficulties in the blower.

In another experiment, water was sprayed onto the cooler surface exposed to the

incoming air. The injection time and the injection intervals were controlled by

means of solenoid valves and timers. The injection of water was successful. The

differential pressure and the flow remained nearly constant throughout the

whole experiment. Subsequent inspection of the cooling fins revealed no traces

of deposits. The blower had shown the same behavior as in the first experiment.

6.5 Recurrent In-service Inspections

6.5.1 External Inspection of the Reactor Vessel

The reactor tank of the SNR 300 is to be subjected to recurrent tests by

ultrasonic (US) techniques. Early detection of inhomogeneities and their

changes in the welds is to reduce as far as possible any failure of components.

The capability for mechanized US testing of the reactor tank is proved in a

technical-scale model.

6.5.2 Internal Tests of the Reactor Vessel: Development and Testing of an

Optical Inspection Technique

Above the sodium operating level, optical means of in-service inspection can be

used. Such optical inspections by means of TV cameras have been found to be

feasible. Some first laboratory experiments provided information about the

optical performance of the camera delivered. The maximum rear viewing angle

offered by this camera is 135°. In the tele range of the transfocator lens a

full size image is generated. If a shorter focal length is selected, some

shading by the camera body must be tolerated.

7. HEAT TRANSFER SYSTEMS AND COMPONENTS

7.1 Sodium Pumps

7.1.1 Development for the Design of Rotary Pumps

For the primary pump of a large loop type sodium breeder a so-called inducer, a

topping impeller, has been developed. This reduces the main dimensions of the

pump from 2.75 m to 2.35 m diameter (weight saving approx. 30%). The suction

coefficient of this combination of inducer and impeller now has a value of 5.5.

The new combination has meanwhile been tested successfully In water on a 1:2.7

scale.

7.1.2 Hydraulic Design of Rotary Pumps

The ROTDYN computer model was used for rotor dynamics analyses. Within the

framework of the exchange program with the French CEA, NERATOOM did calcula-

tions for the hydrostatic bearings of pumps in Super Phenix. A literature

search and supporting experiments contributed to the finding that the prop-

erties of the hydrostatic bearing can be computed much more accurately than

before.
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Within the framework of the SNR follow-on program, a 1:10 scale test model will

be built for a supercritical shaft. The model is presently under construction;

some first experiments are expected for mid-1981.

Further developments in the visco-seal system (among others, a new cooling

jacket) were able to greatly reduce the sizes of auxiliary systems.

At Interatom, a highly enlarged sodium pump was used in the modified APB for

some initial experiments. The pump attained the following ratings: Q = 11,000

m^/h at H = 38 m of liquid. The measurements carried out on this

occasion indicate that the pump 1s operated close to cavitation, because the

cover gas pressure in the facility cannot be increased any further.

7.2.2 IHX Testing

Test operation and subsequent inspection of the 85 MW prototype IHX have been

completed. The following dynamic tests corresponding to the SNR transients were

carried out by suitable means in the sodium loop of the Hengelo test facility:

cold startup, warm startup, shutdown, power cycling, and reactor scram.

In none of the test runs were inadmissible differential temperatures encoun-

tered in the IHX. Accordingly, the design also meets specifications under

dynamic conditions. Inspection of the tube bundle and the shroud did not reveal

any particular features. The conditions of the components corresponded to the

as-fabricated condition.

7.1.3 Electromagnetic Pumps

A prototype has been designed for development of a double acting EM sodium pump

for decayheat removal systems in breeder plants. This electromagnetic pump will

first be used in experiments and later on will remain in the test facility as

an operating pump. Tenders for fabrication of the pump body have been invited,

and a specification has been drafted.

7.2 Intermediate Heat Exchangers (IHX)

7.2.1 Studies of IHX Designs

Within the framework of conceptual IHX development for large breeders, strength

analyses for tube plates (nominal width 1960, thickness 360 mm) were carried

out to compare circular and triangular arrangements of the heat exchanger

tubes. The circular arrangement will be preferred in the future. Thermohydrau-

lic experiments on optimizing the primary inlet plenum and detailed flow

studies for IHX internals were carried out at TNO.

The IHX concepts for future breeders, helical tube and straight tube types, are

In their preliminary design phases. A prototype afterheat cooler (6 MW) for

Super Phenix 1 has been tested successfully.

7.3 Steam Generator (SG)

7.3.1 SG Conceptual Development

For further development of steam generators, work is at present being carried

out at Neratoom on the concept proposed by Interatcm for a reference system

involving two steam generator modules per system. Moreover, studies are being

conducted on a 900 MW steam generator of a modular design (four independent

bundles In a shroud), and also on a steam generator unit for 900 MW with a

double tube plate (the so-called sandwich design).

Computation examples were devised and implemented to clarify the behavior of

helical coil steam generators in sodium-water interactions. At present, the

programs for three-dimensional calculations of flows in sodium-water inter-

actions are under development.

In the past few years, programs (including CURSSE) for calculations of the

steam generator stability behavior have been verified and improved,

respectively, by tests under operating conditions.
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Construction work in Mol of the HERMES facility is well advanced. Concrete work

on the cells for mechanical treatment of the fuel element wrappers and for

dissolution of the mixed oxfde fuel has been completed. Construction of the

other, lead shielded cells, e.g., for chopping the fuel rods and intermediate

storage of solutions, will follow.

Some equipment of the cells is presently being tested under non-radioactive

conditions. The chopping machine has been designed together with industry and

has been ordered recently.

Liquid-liquid extraction flowsheets were studied in detail and are discussed by

the Belgian and German partners.

9. PLANT STRUCTURAL MATERIALS

9.1 Materials Qualification for Structural Materials

9.1.1 Basic Principles of Materials Qualification for High Temperature

Application

The mechanical behavior of materials and the corrosion behavior of the X 20

CrMoV 12 1 alternative steam generator material was studied with a view to

optimization of the base sheet and plate metal and the welds in terms of notch

impact toughness, ductility of thin walled tubes under various given strain

rates, the properties of thick walled forgings (in cooperation with CEA), and

stress corrosion in chloride solutions and caustic solutions.

9.1.2 Materials Qualification of Filler Metals

To reinforce an alternative material for tanks, pipelines and intermediate heat

exchangers of future breeder plants, austenitic 1.4919 (X 6 CrNiMo 17 13)

material was studied. Utilization of this high-temperature material required

the preparation of an equivalent filler metal. It had been found that

electrodes made of the same material were not suitable because of rapid

embrittlement. Thus, the development and qualification of a similar alloy were

attempted. This activity was. successfully completed in studies of the CrNiMo 16

8 2 alloy in the molten condition. Extensive short-term and long-term tests at

room temperature and temperatures up to 900 °C of the pure welding material and

of welded joints made it possible to obtain from the expert the preliminary

materials data sheet for the Fox CN 16-8-M hand-manipulated electrode and the

CN 16-8-M IG TIG-wire up to operating temperatures of 600 °C.

Also problems of welding austenitic materials under conditions protected

against hot cracking were tackled. A large number of hot cracking tests serve

to study various filler metals, fillers of the same type, but made by different

manufacturers, and a few base metals with respect to solidification cracks and

remelting cracks. The work also serves to determine the safety against hot

cracking of the reference filler metal and to express a recommendation of an

optimum test method.

With respect to joining processes involving X 20 CrMoV 12 1 steam generator

reference steel, work was concentrated on the welding-,capability of tube and

plate materials by means of hand-manipulated electrodes and TIG techniques and

also on the fabrication of tube-plate connections by high temperature brazing

techniques.

9.2 Mechanics of Structural Materials

9.2.1 Studies of Inelastic Materials Behavior

At KfK, the LCF holding time experiments were completed at the lower irradia-

tion fluence (10^ n cm"2, E>0.1 MeV) on base metal and weld specimens. For

the higher exposure dose (1.7 x 10 2 1 n cm"2, E>0.1 MeV), some first results

are available for Aet = 1.5$, various strain rates (3 x 10"5 and 3 x 10"3 s'1)

and holding times «24 h. From the result of the experiment conducted with 24

hours holding time, a saturation effect seems to be apparent at very long

holding times. The influence of the strain rate decreases with increasing



holding time. The number of cycles to fracture as a result of i rradiat ion

decreases with increasing holding time, with a reduction by a factor of approx.

6 at 60 minutes holding time. For the inelastic analysis of SNR 300 components,

average stress-strain relations with scatter bands are needed for 1.4948-type

material. Several creep test programs conducted on 11 batches of 1.4948-type

steel have been evaluated. The preliminary result indicates major scattering of

the measured data.

For characterization of the materials behavior under cyclic strain loads, a

test program of 62 LCF tests was assessed in a temperature range of 20 -

550 °C. In accordance with the experimental technique, a simple model was found

for stresses as a function of the four parameters, i . e . , s t ra in , temperature,

straining width and number of cycles.

The influence of the strain rate on the monotonic short-term behavior of the

material was estimated. A simple method was indicated to determine strength

values at dif ferent strains and component-specific temperature trend curves on

the basis of acceptance data.

9.2.2 Mechanical Properties of Irradiated Structural Material

For the long-term creep tests of irradiated 1.4948-type material, fabrication

of the specimens and i r radiat ion capsules has begun. Irradiat ion is planned for

the f i r s t quarter of 1981.

On the batch dependency of the creep and creep-rupture behavior of 1.4948-type

material in the irradiated condition, results have meanwhile become available

from three original SNR 300 melts and two welds with test times of 7000 hours.

Earlier information is confirmed by the results at hand.

In a j o in t venture by CEA and DeBeNe, comparable irradiations of materials

1.4948 and AISI 316 in various reactors (Phenix, HFR, KNK) are to help c lar i fy

the influence of the neutron spectrum. Irradiat ion in the Phenix reactor at

about 400 °C and 3 x 1021 n cm"2 total began in late 1980. The irradiat ion
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capsule contains a total of 281 samples, 43 of them creep-rupture, fatigue and
notch impact toughness test specimens provided by the DeBeNe side. Irradiations
in HFR and KNK are being prepared.

9.2.3 Fracture Mechanics

Work on fracture mechanics has been agreed upon between ECN, TNO, KfK and
INTERATOM and started along the outlines planned.

ECN, by means of the J-integral, studies the growth of fatigue cracks in
1.4948-type material and flat specimens with internal cracks of AISI-304-type
material. TNO determines JIQ- (or Jo-) values on 1.4948-type material in the as-
supplied condition and after aging. A number of studies on the growth of
fatigue cracks serves to examine overloading, closure of gaps and cracks, etc.

INTERATOM studied the growth of fatigue and creep induced cracks on 1.4948-type
material (base metal and weld). The influence of the respective batch on
fatigue behavior was determined in another melt. Experiments on creep induced
crack growth were conducted at 550 °C and 700 °C. At 550 °C, the shift in the
load point was also measured for C+-evaluations. J0-studies have been started.
A test rig for fracture mechanics studies of real geometries has been started
up.

9.3 Corrosion and Mass Transport in Sodium

At Interatom, corrosion experiments in the SNR model loop have been completed;
important assumptions on corrosion behavior and radioactivity transport in SNR
heat transfer systems have been confirmed. Most of the future experiments will
be concentrated on the removal of fission products and corrosion products from
sodium.

Basic studies on corrosion and mass transport were conducted at TNO in the
inert molybdenum-sodium loop to determine the influence of oxygen on specimens
of pure iron.



51
SCK/CEN worked in the f ie ld of i n te rs t i t i a l transport (especially carbon),

incorporating various measuring techniques to determine the carbon content in

sodium.

9.4 Special Materials Problems Associated with Sodium Technology

Work was concentrated on determining the influence of the coolant on the

mechanical materials parameters important for component design. The creep-

rupture program implemented on 1.4948-type structural material jo in t ly by CEN,

Interatom and KfK has been completed; differences in the test results have been

explained. Interatora conducted low-cycle fatigue (LCF) tests with holding times

and measurements of crack propagation under steady-state loads. At KfK, LCF ex-

periments have been started to determine the influence of the strain rate on

fatigue behavior. Fatigue tests conducted at TNO on 1.6770-type steam generator

reference steel have been completed.

KfK has started up a newly bu i l t sodium loop (CREVONA). In this loop, the

influence of flowing sodium on crack propagation in welds under creep stresses

w i l l be studied. There is also a possibi l i ty of precorroding specimens in a

sodium flow.

TNO studied the crack corrosion behavior {on the water side) and wear processes

in alternative steam generator materials.

10.1.2 In-pi le Experiments in the Second Core

10. EXPERIMENTAL PROGRAMS KNK II

10.1 Irradiation and Post-irradiation Examination of Fuel Elements, Absorber

Elements and Structural Materials

10.1.1 Post-irradiation Examinations of the First Core

The test fuel element, which had become defective in KNK II in 1979, was

dismantled without major difficulties in the Hot Cells of KfK. This was the

first disassembly of a complete irradiated fuel element of the SNR Mark I type.

The second core of KNK II is to be used for irradiating various fuel and

structural material variants in the operating fuel elements. Moreover,

individual in-pile experiments are planned. They include newly developed ab-

sorber rods in which the use of absorber materials based on europium will

reduce the pressure buildup or prevent it by venting devices. Irradiation of

actinides is to determine the integral cross section in a fast flux for

purposes of designing a breeder fuel cycle. The second materials test element

also planned for the second core loading has meanwhile been finalized with

respect to design and loading. A materials irradiation plug, which can be

instrumented and heated, has been planned for other irradiations of structural

materials.

10.1.3 In-pile Experiments in the Third Core

Now that the U.S. Government has granted the export license for the highly

enriched uranium needed, the third core can be planned on the basis of KNK II/3

= KNK II/2. The identity of the basic concepts underlying both core loadings is

to simplify the licensing procedure without, however, losing flexibility with

respect to modifications, e.g., changes in fuel specifications. For the third

reactor core, also irradiation of whole absorber bundles with vented absorber

rods and the use of two annular carrier fuel elements are planned. Design Work

is being done on the carrier fuel elements, which will be equipped with small

fuel element subassemblies and materials irradiation rigs, respectively.

10.2 Tests on In-core Monitoring Instrumentation in KNK II

In early 1980, an experimental plug also containing fuel element flowmeters

important for the safety system of the SNR 300, was loaded in KNK for a

functional test and long-time test. The instrumentation (especially the

flowmeter) so far has fully come up to expectations. Experiments were supple-

mented in late 1980 by another experimental plug with a fuel element flowmeter

and a temperature measuring probe.



When looking for another defective fuel element in 1980, several methods of

localization were tested successfully. From the ratio of the Xe-131/Xe-134

isotopes in the cover gas it could be concluded that the defect had occurred in

a test fuel element with mixed oxide fuel, not in a driver fuel element with

UO2 fuel. The ratio of the DND signals in the two primary cooling systems

further restricted the number of potential culprits. Asymmetrical power

distributions resulting from different positions of the control rods in connec-

tion with the DND signals then helped to detect the most highly loaded element

as the defective one. The result was subsequently confirmed by the dry sipping

technique and, finally, by replacing the fuel element.

Methods of subtracting from the reactivity meter signal any spurious influences

of plant operation (e.g., movements of the control rods), as well as various

methods of analyzing noise signals for the detection of reactor defects, are

being studied. A system of a protection computer is being prepared, which

derives a signal with shutdown capability from the outlet temperatures of the

core elements.

10.3 Reactor Chemistry in KNK II

Installation of a new primary sodium sampling system and a cover gas sampling

system was begun in late 1980. At the measuring point of a continuous carbon

probe, which was to be installed in the primary system, a hydrogen probe has

now been installed. The carbon probe had not worked well in the preliminary

tests; carbon monitoring will instead be organized through the sodium sampling

system. The hydrogen probes for detecting steam generator faults, which had

already been installed in the two secondary system of KNK I, will continue to

be operated.

To supplement the measurements in the steam generator feedwater, a new steam

generator coil is presently being installed in the plant. The new coil will

allow water to be sampled in the region of the transition from water to steam.

Completion of a continuously measuring oxygen probe for the secondary system is

slated for mid-1981.
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IV. REACTOR PROJECTS

1. Operation of KNK II

At the Karlsruhe Nuclear Research Center, the KNK II Experimental Nuclear Power

station built by Interatom is available for numerous experiments within the

framework of the Fast Breeder Project. Since completion of the conversion of

the plant in 1978, the reactor has had a fast neutron core. The plant supplies

20 MW of electricity into the power grid. Its energy generation so far corre-

sponds to roughly 200 full-load days. The test zone of the reactor has attained

an average burnup of approx. 40,000 MWd/t. Special reference is made to a

six-week period of continuous full-load operation between April 24 and June 5,

1980. Gas bubbles are now observed only rarely.

More than one year after the first fuel element defect, increased fission

product gas activity in the cover gas was detected by means of the global fuel

element failure detection system on May 21, 1980. Since no nuclides emitting

delayed neutrons could be detected in the primary sodium at the same time, a so-

called leaker was assumed, I.e., a fuel element fault releasing only fission

product gas. The presence of leakers allows reactor power operation to go on.

The further behavior of the leaker (number and intensity of fission product gas

releases) was studied in detail. After a shutdown phase of the reactor for

scheduled tests, also on shutdown systems, delayed neutrons were detected on a

large scale during restarting on August 19, 1980, which finding resulted in

shutdown of the plant. The plant was then run at 40% reactor power and at a low

level of the DND signal for another three weeks. In that period of time,

various techniques of pre-1ocalizing the defective fuel element were tested.

The results of these tests Indicated some fault 1n the test fuel element with

the highest burnup. Examinations by dry sipping confirmed the finding. KNK II

was subsequently returned to full load with a standby fuel element.

The causes of reactivity changes due to gas bubbles were clarified in 1980. The

penetration of gas has now been largely interrupted by the installation of

valves in the venting ducts. Only very little cover gas can now enter the

primary sodium, mainly through the drive shafts of the sodium pump.
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Although the gas content in KNK is now lower than it is in other sodium cooled

reactors, accumulation in "gas plenums" continues to produce pulse shaped

reactivity changes, which result in shut-downs in the medium power range.

According to measurements, gas accumulates in the orifice adjustment head and

In the pipelines downstream of it. Other accumulations in the lower plenum

cannot be excluded. It has. now been planned, by changing the flow pattern in

the area of the grid plate inserts, to discharge the gas bubbles through the

reflector elements. This requires all grid plate inserts to be exchanged. The

new flow conditions will initially be simulated with a water full-scale model

of the lower KNK reactor plenum.

The KNK II core has by now accumulated the following data:

2. Construction of the Kalkar Nuclear Power Station {SNR 300)

operating time

maximum local burnup, test zone

average burnup, test zone

average burnup, driver zone

maximum defect rate

maximum local neutron fluence

206 full-load days

51,300 MWd/t,,, = 5.5 at.%

37,900 MWd/tm = 4,1 at.%

12,000 MWd/tp,

16.5 dpa

4.3 x 10 2 2 n/cm2.

At Alkem, fabrication of mixed oxide fuel rods for the first follow-on core of

KNK II is going on. A newly developed method of fuel fabrication is being used

to produce mixed oxide of higher density, which is highly soluble in nitric

acid. The new technique differs from the process previously applied mainly in

the introduction of a grinding and granulation step before pressing and

sintering. This step clearly improves homogeneity and, consequently, also the

solid solution formation important for solubility. The fuel rods of the first

KNK II follow-on core, like those of the SNR 300 follow-on core, will have

enlarged diameters (7.6 instead of 6 mm).

A contract has been concluded between KfK and the French CEA for reprocessing

the next three core loads of KNK II.

Granting of partial construction permit 7/3(1) on June 10, 1980 constituted a

major precondition for assembly work being conducted on a large scale. In

addition, however, it must still be demonstrated that certain criteria have

been met, which the licensing authorities regard as a prerequisite for assembly

activities.

Construction work is being completed mainly in the reactor auxiliary building,

the switching systems buildings and in the cooling water intake structure.

These activities serve for preparation and support of mechanical and electrical

assembly work. Moreover, facings of the turbine building, the switching systems

building and the warehouse and workshop buildings, and the final road in this

area were completed.

Mechanical and electrical assembly work have been started on a large scale to

the extent licensed, first of all, for steel constructions, assembly and

reinforcement of galleries and frames, common load supports, and the assembly

of cable racks.

In the building containing the switching systems, assembly of which had been

delayed greatly by extensive dynamic demonstrations for the earthquake load

case, assembly of the support structures of the switching consoles has now

practically been completed. Assembly of the switching systems and completion of

the control room are under way, cable laying has been started.

Assembly of the cell internals began in early September; the double tank was

lifted in place in November; assembly of the argon systems and ancillary sodium

systems has started.

For the steel shell of the containment a modified design has been elaborated,

which 1s largely independent of thermally induced deformations of the concrete

containment. For this purpose, all penetrations and locks are equipped with com-

pensators, and the elements connecting steel plate and concrete are made

movable.
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The following boundary conditions were taken into account:

- Potential relative movements on the order of approx. 35 mm in the horizontal

and vertical directions between the concrete containment and the steel shell,

(which corresponds to a differential temperature of AT = approx. 70 °C).

- Accessibility of the reventing gap during assembly of the steel shell and,

later on, with the reactor shut down.

- Use of steel grades with better welding capabilities.

For partial permit 7/4 (mainly concerning decay heat removal and emergency

cooling system) all expert assessments on systems compiled by the authorities

are available as drafts. The critical path of the whole time schedule of the

system hinges on partial construction permit 7/5 (mainly referring to the

reactor and the heat transfer systems). On this partial permit, discussions

were held in the first half of 1980, in which all important systems and prob-

lems were covered jointly with the authorities and the experts.

Representatives of the licensing authorities, the expert institutions, and the

manufacturers and applicants discussed ways and means of finding satisfactory

solutions, bearing in mind specific plant characteristics, of a number of basic

problems, such as

- external impact loads, especially airplane crashes,

- application of bodies of rules not specific to SNR,

- measures under the heading of recurrent in-service inspections.

Fabrication in parallel of all major components is under way, but partly only

on the basis of specifications subjected to preliminary expert scrutiny. Some

of the components fabricated had to be stored temporarily either at the

manufacturers plants or on the construction site also in 1980. In fabrication

of the rotating shield, major consequences arising from additional requirements

imposed by the experts were taken into account. Fabrication of the gas storage

facility is nearing completion.

A concept of solving the fabrication problems of the helical-coil type steam

generators is at present being harmonized with the experts; it is hoped that

fabrication can be continued afterwards.

Problems of nozzle loads and suspension of the intermediate heat exchangers are

being clarified. For early 1981, a decision is sought about the further

procedure. In the meantime, it has been postulated for the main sodium systems

that, for planning purposes, in principle tangential bends are to be assumed.

The surface quality of the welds is still under discussion with the experts.

The overall time schedule of the project continues to be dependent on the

licensing procedure. If the critical partial permit 7/5 is granted in early

1982, critical loading of the plant might be started in early 1986.

V. MANAGEMENT OF INTERNATIONAL AGREEMENTS AND INTERNATIONAL COOPERATION

1. DeBeNe-CEA Agreements

The agreements concluded with France in 1977 serve for cooperation, both in the

fields of research and development and in the commercialization of fast breeder

power plants. The agreements are based on a German-French intergovernmental

memorandum of 1976.

Since the agreements entered into force, there have been roughly 250 discus-

sions among experts on the R&.D side, in which some 1500 documents were

exchanged. 35 problems were defined as so-called common actions for joint

treatment. Among these problems, the following ones were newly added in 1980:

. Clarification of processes associated with failed claddings in normal

operation.

. Studies of physical and chemical properties of sodium.

. Comparison of neutronics computer programs and data.

. Experiments on sodium fires and burning sodium aerosols.



. Mol 7C and Scarabee follow-on programs for studies on loss-of-flow effects.

. Studies of absorber rod precursors.

. St rat i f icat ion effects 1n sodium pipes of large diameters.

Also in the industrial sector, the exchange of experience has developed wel l .

In a so-called pool-loop study, expert groups examined in detail the pros and

cons of both primary systems concepts, relating them to national licensing

cr i te r ia . The long-term objective of this ef for t is a breeder concept, which

can be accepted by e lec t r ic i ty u t i l i t i e s on both sides of the Rhine r iver , wi l l

be subject to the same licensing conditions, and would di f fer in design only as

a consequence of specific site conditions.

2. Agreements with the U.S.A.

In 1976, the Federal Republic had concluded a so-called Umbrella Agreement with

the then U.S. ERDA, to which also France has acceded in the meantime. The

agreement provides for the balanced exchange of R&D know-how in the areas of

fuel elements, physics, components and safety. Exchange in the latter three

areas is under way.

A meeting on structural materials was held by DOE, CEA and BMFT at Oak Ridge,

Tennessee, on June 11-13. Within the Systems and Components Working Group, the

respective programs were explained in detail and recommendations were made on

joint activities. On November 18, 1980, intensification of trilateral exchange

in the field of safety was decided upon, especially expansion into the fields

of post-accident heat removal and local blockages. Operating experience on

KNK II, EBR II and Rapsodie was exchanged among KfK/BMFT, U.S. DOE and CEA in

Karlsruhe on March 24-25, 1980.

3. Agreement with Japan

Exchanges of experience with Japan have developed very positively. Also this

area is covered by a trilateral agreement concluded in June 1978 by Germany,

France and Japan. It includes the exchange of R&D in about 20 subareas in the

breeder field, the list being adapted to current requirements.
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The f i r s t meeting on breeder safety under the t r i l a te ra l agreement was held in

0-arai on May 19-23, 1980. In part icular, intensif icat ion of the exchange of

know-how on loss-of-f low tests was agreed upon.

The second DeBeNe/CEA/PNC review meeting was held at Cadarache on October 1-2,

1980. At this meeting, also jo in t continuation of those experiments was agreed

which had been carried out by Toshiba 1n the f ission product loop up unt i l 1978

to c lar i fy contamination processes in the primary system. On behalf of PNC,

Toshiba w i l l build the new test r ig by 1981 and carry out the experiments with

German and French participation by 1982/83. Cooperation was also agreed upon in

the f ie ld of sodium-water interactions in steam generators.

4. Agreements with the United Kingdom

The CAPT agreement negotiated in 1979 among KfK, CEA and UKAEA was signed in

February 1980. It covers the exchange of results of the German-French CABRI

safety experiments against .the part accessible to UKAEA of the results of

safety tests conducted in the American TREAT test reactor. The part relates to

unirradiated and irradiated test rods made available by the United Kingdom;

preliminary irradiations of the rods were carried out in the British Prototype

Fast Reactor (PFR).

German-British cooperation also includes in-pile fuel rod and materials tests

in PFR (partly with French participation) and in VEC, evaluation of the joint

BIZET measurements on large breeder reactor cores completed in 1980, loss-of-

flow tests, fuel rod failures and their detection, and explosion tests in

reactor tank models for code validation.

5. Agreement with Spain

Since 1973, there has been an agreement between KfK and the Spanish Junta de

EnergTa Nuclear about cooperation in the f i e l d of materials research in sodium

loops. I t mainly refers to measurements of creep and fatigue processes in

structural material samples for the SNR 300. In the spring of 1980, a sodium

loop with ten creep-rupture rigs and two low-cycle fatigue machines was



commissioned in Madrid with the assistance of KfK. The main program agreed upon

with Interatom, ECN and KfK began in late 1980.

6. Conferences and Expert Meetings

- The annual meeting of the International Working Group on Fast Reactors

(IWGFR) of IAEA (Vienna, April 9-11, 1980) provided an overview of the

international status of breeder projects in DeBeNe-France/Italy, USA, UK,

Japan, Soviet Union and India. India has been accepted as a new member in

IWGFR.
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The ANS/ASME/NRC International Topical Meeting on Nuclear Reactor Thermal-

Hydraulics (Saratoga Springs, N.Y., October 5-8, 1980) was mainly devoted to

breeder problems and the discussion of boiling events and two-phase flows.

The 13th Informal Meeting on Reactor Noise (Cadarache, May 5-7, 1980)

centered around LWR monitoring techniques, but some of these methods can also

be extrapolated to breeders.

List of Abbreviations Used

- A number of papers on breeder reactors were presented at the Kerntechnik-

Tagung of KTG and DAtF (Berlin, March 25-27), 1980 and at ANS meetings in the

United States.

• "Sodium Flow Measurements in Large LMFBR Pipes" were the subject of an IAEA

Specialists Meeting (Bensberg, February 4-6, 1980). The objective of the con-

ference was a stocktaking and evaluation exercise of various methods of

sodium flow measurement for pipe widths up to 1000 mm and of various calibra-

tion techniques.

• The 9th meeting of the Liquid Metal Boiling Group (Rome, June 4-6, 1980),

with participants from Western Europe and Japan, mainly dealt with the

behavior of rod subassemblies under the impacts of local losses of flow,

emergency cooling under natural convection conditions, and the thermo-

hydraulics and cooling of molten cores.

The second International meeting on "Liquid Metal Technology in Energy Produc-

tion" (Richland, Washington, USA, April 21-24, 1980) among other topics

treated operating experience with fast power reactors, corrosion and wear

problems of materials under sodium, and the maintenance of sodium purity.

The IAEA Specialists Meeting on "Demonstration of Structural Integrity under

Normal and Faulted Conditions" (Chester, England, June 3-5, 1980) covered

problems of structural plant materials.

ACRR Annular Core Research Reactor, Sandia Labs., Albuquerque, N.M., USA

ALKEM Alpha-Chemie u. -Metallurgie GmbH, Wolfgang near Hanau

APB Anlage zur Erprobung von Pumpen f. Briiter (Breeder pump test facility),

Interatom, Berg. Gladbach

BMFT Bundesministerium fur Forschung und Technologie, Bonn (German Federal

Ministry for Research and Technology)

BN Belgonucleaire S.A., Brussels

BR 2 Belgian Reactor 2, Mol

CABRI Test reactor at Cadarache

CAPT British-German contract on information exchange concerning CABRI-PFR/

TREAT safety tests

CEA Commissariat a l'Energie Atomique, Paris

CEN Centre d'Etudes de l'Energie Nucleaire, Mol, and Grenoble, and Cadarache,

respectively

COVA Code validation by British tank explosion tests

DeBeNe German-Belgian-Netherlands breeder project

DFR Dounreay Fast Reactor, Dounreay, U.K.

DMSA Demountable Subassembly for fuel subassembly irradiation in the

British PFR

DND Delayed Neutron Detector

DOE Department of Energy, Washington

dpa displacements per atom (due to irradiation)

ECN Energieonderzoek Centrum Nederland, Petten

EdF Electricite de France, Paris



FAUNA Forschungsanlage zur Untersuchung nuklearer Aerosole (Nuclear aerosol SAI

research facility of KfK) SBK

FR 2 Forschungsreaktor 2, Karlsruhe (research reactor) SCK/CEN

FPL Fission Product Loop of Toshiba, Japan SERENA

HCDA Hypothetical Core Disruptive Accident ("Bethe-Tait" accident) Siloe

HFR High flux reactor, Petten SNEAK

IAEA International Atomic Energy Agency, Vienna SNR 300

IHX Intermediate heat exchanger SRI

INB Internationale Natrium-Brutreaktor-Baugesellschaft mbH, Berg. Giadbach Super Phenix

INTERATOM Internationale Atomreaktorbau GmbH, Berg. Gladbach TNO

IWGFR International Working Group on Fast Reactors of IAEA, Vienna TOP

KBG Kernkraftwerk-Betriebsgesellschaft, KfK TREAT

KfK Kernforschungszentrum Karlsruhe GmbH UKAEA

KNK Kompakte Natriumgekuhlte Kernreaktoranlage, Karlsruhe ULK

LOF Loss-of-flow

MASURCA Maquette Surregenerateur Cadarache (zero power assembly) UNC

Mark la, Mark II: first and second reactor cores of the SNR 300 VEC

MILLI High level reprocessing test facility at KfK VIC

NALA Hot sodium pool aerosol studies at KfK ZEBRA

Neratoom Netherlands industrial consortium for nuclear technology, The Hague

Novatome French breeder manufacturing company

NRC U.S. Nuclear Regulatory Commission, Washington

OECD Organization for Economic Cooperation and Development, Paris

PAHR Post-Accident Heat Removal

PFR Prototype Fast Reactor, Dounreay, U.K.

Phenix French prototype breeder, Marcoule

PNC Power Reactor and Nuclear Fuel Development Corp., Tokyo, Japan

PSB Projekt Schneller Briiter (Fast Breeder Project)

RAPS0D1E Experimental fast reactor at Cadarache

Ripcex Cladding materials irradiation in RAPSODIE to determine swelling

and creep
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Science Applications Inc., Palo Alto, Cal., USA

Schnell-Briiter-Kernkraftwerksgesellschaft mbH, Essen

Studiecentrum voor Kernenergie, Mol

French-German breeder systems company

Test reactor at Grenoble

Schnelle Nullenergie-Anlage Karlsruhe (fast zero power assembly)

Schneller Natriumgekuhlter Reaktor, Kalkar Nuclear Power Station

Stanford Research Institute, Stanford, Cal., USA

French demonstration breeder power plant at Creys-Malville

Netherlands industrial research organization, Apeldoorn

Transient Overpower

Transient Reactor Test Facility, Idaho, USA

United Kingdom Atomic Energy Authority, London

Versuchsanlage flir Umluftkuhlung (Reventing air cooling test

facility), Karlsruhe

United Nuclear Corp., USA

Variable Energy Cyclotron, Harwell

"Variable Internal Cooling" loop in BR 2

Zero energy facility at Winfrith, U.K.


