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1. Introduction

Considering the dense population in theé Federal Republic of
Germany the growing demand of nuclear powéi stations makes reac-
tor safety research even more necessary than in othexr less dense
populated countries. This was one of the reasons why the
Minister for Research and Technology announced a research program
for light water reactors with a budget of about 200 Mio German
Marks for the years 1972 until 1976. A self evident classifica-
tion of such a research program can be deduced from the require-

" ments:

1. to avoid accidents,

2. to master the effects of a possible accident
without damage or harm to the neicghbourhood of
the power station and

3. to remove after the accident the consequences
as soon as possible.

Regarding the todays' knowledge and know-how in reactor safety
this classification is too general and therefore to straiten the
German reactor safety program the following classification was
chosen.

l. Closing of gaps in the knowledge about reasons and

course of accidents and improving the understanding
of hypothetical accidents.

2. Improvement of the safety by operational means.

3. Closing of gaps in our knowledge which up to now were
bridged by consexrvative assumptions in the licensing
procedure.

4, Improvement of components.

‘'The research program which up to now consists of more than 100
different research activities is planed and discussed in several:
advisery committees, which report ot the»Ministry ‘of Research and

Technology. At time there exist the following advisery committees:



Blowdown in the containment,
Emergency core-coodling,
Core-melting,
Pressure vessel failure,
Influences from outside,
Quality securing,

. Material and strength,

Removing of accident effects.

Furtheron the Minist ry "for Technology and Research has installed
a special department at the German Institute for Reactor Safety

to attend this research program. This institution publishes every
"three months short progress reports /1/ of all research activities

"~ in nuclear safety.

2. Research Program

For a short discussion of the research program let us divide all

activities in the three categories:

1. avoiding of accidents, (Tab. 1)
2. mastering the effects of accidents, (Tab. 2)

3. removing the effects of accidents. (Tab. 3)

2.1 Avoiding of Accidents

Research work to avoid accidents has to start from a very diligent
system analysis about reasons and possibiiities of accidents.
‘This also includes design measures as well as material analysis
for reactor components. A continuous supervision during reactor
opération by means of repeating quaiity tests with respect té
crack and failure behaviour helps to reduce the possibilities

of a mechanical failure of the reactor components enormously.

But accidents also can be created by wrong actions of the ope-
rator, therefore also the training of operators as well as the
analysis of the human functions are of great importance. Finally
one also has to mention measures to avoid hypothetical accidents
and therefore also research activities are underway for burst pro-

tection of pressure vessels and components.



" Activities dealing With the nuclear. dynamics and the thermohydraulics
in the core are underway since many years in the "Laboratorium

fiir Reaktorregelung und Anlagensicherheit" (LRA = Laboratory for
Reactor Control and Safety). The main effort is given to some .

" specific questions like the analysis of reactivity excursions,

taking in account the thermo-hydrodynamic feed-back for boiling
water reactors. |

Special effort also is given to a detailed system anélysis. Here
mainly the influence of special parts of the reactor protection
system and of the controlling devices on the availability of the
power station is researched.

The design and layout of reactor components have doubtless a special
meaning in avoiding accidents. Within the research program in first
order therefore activities should be mentioned, which were underway
in the laboratory for méterial testing in the Technical Univexrsity
Stuttgart and which deal with a special program for the pressure '
vessel steel "22 Nicke}Molibdagium—Chromium 37". These activities
mainly clarified the questions in connexion with welding this
material and worked~out informations about possible critical be-

haviour in connexion with burst security of reactor pressure vessels.

Bésides this the whole research program at this laboratory of the
‘Technical University Stuttgart comprises a much broader frame.

It starts from researching the possible influences which may
"diminish the quality of the pressure vessel and which may perhaps
not, or not completely, be detected by the usual quélity testing
devices. ' ' |

All activities of this program aim in a reliable prediction of the
failuretprobability of pressure vessels and in a diminuation of

this probability by useful quality improving measures. So the ‘
whole program deals with tests regarding the burst security, with
deliberations to optimize the pressure vessel technique and with‘

the development of new pressure vessel design.



To improve the quality it is not enoﬁgh just to research the
physical behaviour of the material during a crack growing. The
activities have to be completed by design work supported on a
theoretical and experimental analysis. This design work is mainly
" concentrated on the flanges and connecting pieces of pressure

vessels.

The quality of a reactoxr pressure vessel and other pressure im-
posed components is based on the quality of the testing pro-
cedures and testing devices during manufacturing and during opera-
tion. Here the development of none destructive testing methods in
thick walled vessels is very important. Beneath the X-ray testing
the ultrasonics method for repeating tests has the highest grade

of development. Experimental'and theoretical work to use this method
in practical pressure vessel testing is done since yeafs in a joint
research program where the companies M.A.N., Krautkrdmer, EKWU

and the Nationa} Institﬁtion of Material Testing in Berlin take
part. Aim of this development work is to test not only the pressure
vessel itself but also all other primary components. The automati-
cally working pick up and measuring devices wexre already used in
several nuclear power stations. They allow the testing of the

pressure vessel as well from outside as from inside.

Beneath the ultrasonics technique there are some other measuring
methods under development. One has perhaps to mention the noise
analysis during crackgrowing, the eddy current method and the
‘utilization of stochastic signals coming from the neutron flux

or the pressure and temperature fluctuations of the primary coolant.
It is the intention to develop the noise‘analysis to a continuously
acting warning system for pressure vessels. Furtheron it is intended
to use this method for location of flaws in connection with a re-
peated pressure test.” By using statistical methods one also gains
'khowledge about the local and temporal dynamic behaviour of the
reactor and gets hints of dangerous vibrations of the core struc-
ture. These vibrations cah induce stochastic changes of temperature

and density in the cooling fluid via reactivity effects.



Each technical system even with extensive automatization finally

is controlled by human beings. Therefore the training of reactor
operators is a main subject within the research efforts_concerned

with reactor safety. The training program was started with a study
informing about the todays status of operator instruction and it

‘worked out in detail the future traning program. Finally there will.

' be set up theoretical function-schemes of the human behavioux in

nuclear power stations.

By means of a careful and extensive testing for quality securing

it is doubtless guaranteed that the existence or the growing of

a critical crack and with it the failure of the pressure vessel

_can be eliminated with a certainitylike probability. Locating nuclear
‘power stations in the vicinity of cities makes it necessary to

take in account also smallest risks which due to their extreme small
probability are usually neglected in the legal and technical prac-
tice. Under these deliberations in our safety research program
activitiés were started to design and to léyout burst protection
‘devices forreactorpressure vessels and other components of the
primary sytem. After a careful study of different constructional
possibilities and after an extensive development the German Company

KWU has forwarded a technically thoughtover design for ahbﬁrst pro-
tection device.

To develop. and to test this device several research work hasnﬁo

be done which malnly deals with the evaluation of the critical

' loadlng.dlstrlbutlon, the strain of tension- comnonents and the
‘thermal.insulation properties of concrete. Another problem is the
inspection of the pressure vessel if the burst protection is arxound
it.

2.2 Mastering of Accident Effects

An accident may ariseiby a failure in the system, that is by an
réactor internal event but also by external influences like
earthquake, airplane crash or expﬁosions in a gascloud. The maximum
credible accident cauéed by a failure in the'system is the break.
of a large pipe filled with primary coolant. If this happens it

has to be guaranteed that no unpermissible burden arises for the near



and far neighbourhood of the nuclear power station. The containment
serves to hold back the radioactiv products and its integrity has

always to be guaranteed.

"As known the core develops after shutdown still heat which has "to
be carried away for a long time at allowable temperatures of the
fuel rods. Therefore a series of reactor safety problems arises
within the emergency core cooling. We shall deal with this problem
in the next chapter more ih detail. If there is unsufficient
emergency cooling this could lead to a melting of the fuel or of
the core structure. Bgt this would mean that the extreme unprobable
case occurs that all ﬂmercency cooling systems which are available
in multiple redundance do not work. If one intends to master also
extreme hypothetical and unprobable accidents and their effects
one also has to do - at least for a better understanding of this

problem - some research work in core melting.

Research work in blowdown—probléms‘is under ..y since many vears

at the Battelle-Institute in Frankfurt. At the time being they
mainly are clarifying the pressure behaviour in the very first se-
conds of the blowdown, mainly the critical mass fiow rates during
this time and the sﬁress on the core structure due to pressure diffe-

rences.

Tn an internationél cooperation blowdown tests were carried dut

4+t the nuclear power station Marviken, -which is out of operation.
.The maih aim of this activities was to get a substantial experi-
mental basis for éomparison with existing computer codes which

for example were developed by the LRA at Garching. Furtheron the
behaviour of iodine release and the mechanical stresses at different

reactor components were tested.

;Ab incident in the German nuclear power station Wiirgassen at which
‘after opening of a valve the bottom of the pressure-subpression
chamber was damaged by pulsating pressure load gave rise to de-
tailed and extensive research activities dealing with the con-
densation behaviour of steam blown into water. After first tests
with small models the experiments were carried out in a big scale

in a conventional power station at Mannheim. The experiences



gained about the dynamic behaviour during the pressure subpression
period led to a new design of the steam pipe nozzels which now
guarantees the integrity of the bottom of the pressure-subpression
chamber. ' | '

As known the containment includes several seperate rooms which
are.éonnected with each other by window like openings. If one of
these openings is not big enough, a too high pressure could be
built up during the blowdown, which could distroy a wall and so
endanger the integrity of the containment. To study the pressure
and flow behaviour in these chambers a test containment as shown
in fig. 1 was constructed at the Battelle-laboratories in Frankfurt.
With this arrangement all important parameters, like pressure
temperatures and mechanical stresses in the different rooms of

a multiple subdivided containment, will be measured. The experi-
'méntal data will be compared with results given by a computer code
 which was evaluated by the LRA Garching. By this way this computer
code will be so improved that it is possible to predict with high
accuracy the behaviour of the' containment expected under orginal

conditions.

Before discussing the problems of emergency core éobling and fuel
rod failure in detail just a few comments should be given about
the activities in the core melting program. EXperimentally an in-
tegral big core mélting'test seems impossible to be carried out
under realistic conditions. In addition there would be no possi-
bility for extrapolation lobking for different parametric influences
" and so the knowledge gained from it would be very limited. Considering’
this one has to regard experiments now started in our country which
mainly have the aim to get a clear knowledge about the influence of
different parameters if'there would be core melting due to a break
down of all emergency core cooling systems. This tests mainly deal
with

the mutual influences between cladding and pellets

at different temperatures,

the behaviour of a UO, fuel rod when melting starts,

2
the course of the melt down and the recrystallization
of the molten fuel at cool parts of the rod.



These tests are carried out at the National Nuclear Research
" Center Karlsruhe and are started with one fuel rod under steam

atmosphere. They are then going on with a bundle of 4 rods.

Theoretical and experimental work dealing with the thermohydraulic
behaviour of the molten core are done at the Institut flir Ver-
fahrénstechnik of the Technical University Hannover. The results
worked out up to now give information about the heat transfer
coefficient between the moiten core and its border, i.e. the pres-
sure vessel or a core catcher. An extensive and detailed computer
code allows to predict whether and how long the molten fuel can

be kept in the pressure vessel by means of a.suitable cooling of
the pressure vessel bottom and how a core catcher for such a pure
hypothetical accident has to be laid out and designed. For the
experiments an optical measuring technique, the holographic inter-
férometry was used. Fig. 2 shows a comparison of measured and theo-
- retically by the computer code determined isotherms in the molten
core inside the'pressuré vessel. Fig. 3 gives the local heat trans-

fer coefficient around the surface of the pressure vessel.

Thé metallurgical and chemical interactioné between the molten
core and the pressure vessel wall are influenced by the ‘thermo-
dynamic properties as well as-by the hydraulic behaviour of the
molten fuel. Research work about the metallurgical problemAié.
under way‘at the KWU in Erlangen in which in a smali vessel molten
fuel of different composition is tested with respect to its metal-
lurgical interaction with the pressure vessel steel. Another problem
is the pressure ehergy, which arises from steam explosions due to
interaction between liquid fuel or liquid structure material and
water, for which tests are started at the Euratom Research Center
in Ispra. Finally one has to mention measurements about the radio-
active release during the melt-down Which are carried out at the
Nuclear Research Center Karlsruhe and which should compliment the

data already given in the literature.

Shortly it should be mentioned that thére are activities under way
which deal with aircrash-problems and with the possible influences

of an ignition of an explosive gas cloud. Furtheron studies are



done to improve the design of the nuclear power stations against
earthquake. There are some deliberations to use perhaps the super-
heated steam reactor (HDR) in Kahl as an test-object which is out of

operation.

2.3 Removal of Accident—consequences

Mastéring and removing accident-conseguences is mainly a radio-
logical problem. The biggest part of radidlogical research within
the nuclear safety program is under way in the National Laboratory
Karlsruhe. The radiological burden of the environs of the nuclear
power station is mainly determined by the efficiency of the filters.
For developingynew filter concepts and for doing measurements

with them a big testing device is available in the National Research

Center Karlsruhe.

Nuclear safety deliberations showed that by de&eloping recycling
filters the endangering. risk for the environs of the‘power station
can be extremely deminuated. Therefore there are strong efforts

to develop recycling filters for nuclear power stations but also

for the air outlet in fuel processing stations. Furthermore there

is a seperation process under development for the raaioactive inexrt
gases coming out from the processing plants. The aim of this research
~efforts is to get a "minimum release-concept" for the accident case

and naturally also during normal operation.

Finally there has to be mentioned work.which deals with removing
fthe accident consequences in the power station itself. These acti-
vities - also under work in the National Laboratory Karlsrthe -
can be subdivided in the development of remote-controlled manipu-

lators and in insulating and removing contamination.

For the decontaminatién of radioactive rooms there are different
pdssibilities. At time the National Laboratory in Karlsruhe de-
velops a new process which works with foam controlled non-ionogen
tensid mixtures which are tested at different surfaces on their
decontamination action. This process needs acids to form complex .
groups. Such acids are formic acid, lactic acid, oxalic acid and

tartaric acid. It could be shown that with this method good re-
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sults can be achicved on PVC-flooring and also oh stainless steel
surface. Within these problems one also has to mention activities for
treating large amounts of radioactive liquids at the place of the
accident and also treating solid waste which cannot be decontaminated.

Finally there is the problem of remr ng and storing tritium.

‘3. Emergency Core Cooling

Due to its significance emergency core cooling research plays an
important role in the reactor safety program of the Federal Repub-
lic of Germany. Experimental and theoretical activities dealing
with the thermohydraulic behaviour in the core during the blowdown
and the refilling period are under way since many years all over

the world. Keeping in mind the complex character of the emergency
cooling problems which exclude a pure theoretical treatment it seems
to be obvious to carrxy on the experiments in that way that one
imitates the primary system of a nuclear reactor including its
emergency core cooling devices as good as possible and tries to make
the tests like in the real accident. Similar planned tests were
carried out years ago in the Das.A. and showed mainly in the first
testing periods very spectacular results. One may remembex, for

example, the so called loft-semi-scale tests in Idaho.

Thinking over such tests the question immediately arises how the
testing conditions in a small scaled experiment - in view of the
very complex hydrodynamic and thermodynamic conditions - are really
reactor-similar and how they can be exlrapolated to the original
.conditions given in the nuclear power station. Already a very first
"rough deliberation about the problem - there are unsteady two-phase-
flow, heat storage, fast changing heat transfer conditions and strong
geometrical dependent flow patterns - show that the scaling laws

are extremely complicated and difficult and experimental results
can only be extrapolated to the original conditions by the help of

a very extensive theoretical analysis. The attempt to work out such
aﬁ analysis very soon shows that it has to comprise the analytical
discription of the whole emergency core cooling process, i.e. the
blowdown and the refilling phase and so it represents computer codes
as they are given for example by the BRUCﬁ—, the RELAP-, the SATAN-

or the FLASH-code. That means a comprehensive and accurate extra-
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poiation‘of the results from the experiment to reactor conditions
has to be done with the help of a computer program which is able
to predict as well the rundown of the test as the accident behaviour
in the reactor. But such a program in addition needs several thermo-
hydraulic data like heat transfer coefficients, DNB-delay time, cri-
tical mass flow rate and pressure drop behaviour of coolant pumps

for a reliable analysis of the problem.

.Due to these reasons the planning of the emergency core cooling
program is born in our country by the conviction, that it is the
most suitable way for quicklyvachiéQing the aim, to measure these
parameters and data in different research activities and to eva-
luate at the same time a new computer program or to improve the
known ones, which discribe the blowdown and refilling process well.
These deliberations led to a research program in our country

which is shown in fig. 4. The central position in this program

- combining the different research activites - is taken by developing
the'compﬁtervcodes. The‘experimental project can be divided in two
large groups, one of them is ‘concerned with the heat transfer and
the fluid dynamic behaviour during the emergency cooling and the
other one deals with the behaviour of the fuel rods. Thisﬂgecond
group is extensively treated by the ﬁational Research Center in

Karlsruhe.

The heat transfer measurements, for clear physical boundary con-
ditions sake, were subdivided in tests during the blowdown phase,
~and in tests during the refilling phase. In the blowdown phase the
tests are carried out at the KWU GroBwelzheim. They first were
started with four-rod-clusters and now they are continued with 25—

rod—-clusters.

An example of the results gained at.the‘four—rod—cluster is shown
.in fig. 5. There the heat transfer coefficients are plotted versus
the time for two different heat fluxes. Before blowdown the heat
'flux was kept at 100% of *the reactor power and in one case shown
there the heat flux was immediately lowered to 40% with the onset
of blowdown and in the other case there was a delay time of 1,2 sec

for running down the power. In the test the cross section and the

..12_.
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position of the break was varied. The figure shows a good agree-
ment in the heat transfer coefficient for both heat flux behaviours,

in spite of the fact that the wall temperatures are very different.

The evaluation of the tests shows that in the post-DNB-region

the heat transfer coefficients amount to values between 100 and

500 W/mzK as shown in fig. 6, depending from the position and the
cross section of the break. In this figure results are plotted

with a break which corresponds to a steam pipeline rupture in a
boiling water reactor. In the upper part of this figure the be-
haviour of the pressure, the temperature and the heat flux is shown.
In the lower part the heat transfer coefficients for two axial

positions of one rod in the bundle is plotted.

From fig. 7 one can see the mass flow rate and the steam quality
‘at the outlet of the test section which correspond to the heat
transfer coefficients in the figure before. The mass flow rate was
measﬁred by two different methods, firstly by a combination of a
gamma-ray attenuation device ‘and a flowmeter and secondly by an
orifice. In this fig. 7 the calculated mass flow rate at the exit
of the test section is also given as seen from the crosses. After
about 10 seconds the measured mass flow rates lay below the calcu-
lated ones, which would mean that the code overpredicts the flow

behaviour in the test section.

A very intereéting feature furtheron was the observation that there
is a rewetting of the rods due to a foaming of the fluid which

would be seen from a drop in the rod temperature at temperatures

we}l above the saturation value. In fig. 8 a histogram of all

tests with which a rewetting occured is plotted versus the difference
between rewetting temperature and saturation temperature. The upper
values should not be taken too serious because the rewetting effect
could not be analysed too exactly. Neglecting this upper values one
éan.say that the temperature range at which réwetting occurs lays

about 200 - 120 K above the saturation temperature.
More detailed information about the results of these measurements
can be taken from different papers /2,3,4/ presented in national

and international meetings. A comparison between this measured

._13..



datas and calculated ones is given in /5/.

The refilling phase following the blowdown phase is xresearched in
experiments which were carried out at the KWU in Erlangen. These
measurements deal with the evaluation of the heat transfer coeffi-
cients and also give information about the refilling velocity and
" the rewetting of the fuel rods. For pressurized water reactors

the test object was a rod cluster consisting of 340 rods, which
was subdivided in 3 radial zones of different heat flux density.
For measuring theemzrgency core cooling behaviour of a boiling
water reactor at time two parallel rod bundles - each with 49 rods
‘are used as test objects. The results evaluated up to now give an
extensive information about the whole parameter field to be expec-

ted during a loss-of-coolant~-accident.

Tne complex geometry of the primary circuit and of the energency
'cooling éystem was modelled in the test loop as shown in fig. 9.
The core and the annular downcomer were imitated as a heated and
unheated part of an U-tube. A'vVery essential condition for the
scaling is, that the physical qonnexion‘between the rising of the
water level and the heat flux-respectively the steam produetion -
Ais imitated as given in the real reactor. That means the heater
rods must have the same dimensions and similar thermal»behavioui
as the fuel rods. The steam produced during flooding flows in the:
reactor through the primary loops. This resistance chain can be
imitated in the test section by one simgle coﬁpensating resistance.
The back pressure at the break, which corresponds to the contain-
ment pressure is imitated in the test with the help of a small
pressure vessel connected with a steam generator. A detailed dis-

cription of the test arrangement can be taken from /6/.

In the test program the starting temperatures of the rods were
varied between 500 and 850°C. The heat flux densities were between
4 and 8 W/cm2, and the time course of the heat flux deneity was -
chosen acebrding ANS standard. The back pressure, that is the con-
tainment pressure, was between 1 and 6 bar, and the liquid velocity

in the core during refilling was varied between 3 and 18 cm/sec.
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There is a strong influence of the containment pressure on the re-
wetting time in the core as shown in fig. 10. The reason for the

- sooner rewetting at higher containment pressures lays in the

higher density of the steam and in the greater subcooling of the
flooding water. At these higher containment pressures the vapor,
produced in the core, has a smaller pressure drop in the tubes of
the loop and so it can escape faster out of the upper plenum. The
heat transfer coefficients - also shown in fig. 10 - lay arcund

100 and 300 W/mzK. They show greater values with rising containment

pressure. : -

AS given in the KWU/PWR-reactors the test loop had a cold-leg and

a hot-leg-injection. Tests were also done under conditions when the
steam outlet from the upper plenum was totally blocked , and it was
‘then seen that there is a balance between produced and - due to

the hot-leg-injection - condensed steam. These blocked steam outlet
conditions are an extrem unfavourable assumption for the behaviour
in the reactor, but just these tests proved the assumption that the
refilling velocity in the core’is governed by the balance between
removed or condensated and produced vapor. This is ‘a simple, but
very useful assumption for a theoretical treatment of the refilling
process. Based on this experience a computexr program called "WAK®
/7/ was worked out by the KWU and a comparison between calculated
and measured data for the refilling velocity gave very good agree-
ment as shown in fig. 11. In this computer program it was assumed

that the hot-leg-injection has a condensation efficiency of about 80%.

‘In fig. 12 a comparison is made between the measured heat trahsfer
coefficient and data calculated from the Dittus—Boeltér—equation,
which is valid for pure steam convection and with data from the com-
puter program LOCTA-R. As shown in this picture the theoretical
calculated values according to Dittus Boelter or to the LOCTA-R pro-
gram give conservative data in the post DNB region. This is due to -
the fact that the droplets in the vapor or respectively the waterxr
level which is already above the quenching border are neglected in
these theoretical calculations..

More detailed information, especially about the influence of the

heat flux, the refilling velocity and the temperétures at the be-



ginning can be taken from /8,9/. Here only qualitatively should be
mentioned that with growing refilling velocity the quenching-delay
- time becomes exponentially shorter and also the maximum temperatures

go down extensively.

As already mentioned the refilling velocity of the water in the
core can be strongly diminuated by the steam blocked in the upper
plenum, an effect which is called "steam binding". Therefore con-
tinuing the above mentioned measurements in the KWU Erlangen a new
test loop is uﬁder construction in which experiments concerning the
steam binding effect will be conducted and in which espeéially it
has to be doubtless proved that steam binding can be extensively
avoided by the hot-leg-injection. The water injected in the hot
leg, condensates - as mentioned - the steam in the upper plenum and
'sb removes the reason for the blockage of the flow. First results
about this condensing effect of the hot-leg-injection were gained
in a big test carried out in the original pressure vessel of the
nuclear power station in Borssele. These tests showed a condensation
efficiency of 60 to 80%,.

,FOr a well rounded overall result it finally seems to be useful and
desirable to imitate the blowdqwnvphase in a complete pressurized
water primary system. This mainly is interesting for a final testing
of the worked out‘computer program. Due to this réason a research
program was ordered at the Euratom Research Center in Ispra, which
.consists in a very sophisticated test loop and in conducting exactly

specified blowdown measurements in this loop.

4. Fuel Rod Behaviour

As mentioned already in a previous chapter high intension is given
to the research in fuel rod behaviour. First experimental results

about the behaviour of zircon cladding under the conditions of a

. loss-of-coolant-accident were already presented by the KWU Erlangen.

In a broad and extensive way, however, such tests are planned
within the project nuclear safety of the National Research Center
Karlsruhe. A group of about 50 collaborators is concerned with
questions of the mechanlcal and thermal behaviour of fuel rods in

and after the blowdown phase, of the reciprocal interaction between
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fuel rod failure and emergency cooling in the refilling and flooding
phase and of the ductile and brittle material behaviour during fast
temperature gradients. These experimental activities finally should
lead to a computer program modelling this fuel rod behaviour under
maximum coolant accident conditions. A detailed description of the
fuel rod failure problems including a short layout of the plant re-

search program is given in /10/.

With respect to the blowdown and refilling behaviour following a
break it is important to.know whether already in the blowdown phase
flow disturbances due to plastic deformation of the cladding have to
be expected or whether due to ballooning the heat flux to the
coolant is influenced, which leads to a higher amount of stored

heat in the fuel. The experiments planned in the refilling phase
content as well out-of-pile as inpile tests but up to now these
experiments are not yet planned in;detail. An essential part of the
out-of-pile experiments is the inquiry of the mutual action between
cladding.faiiure and eme;genCy;cooliﬁg behaviour. To research this,
the National Laboratdry in Karisruhe is starting experiments with
electrical heated rods having a zircaloy cladding with internal
pressure and so simulating the fuel rod behaviour. In this connexioﬁ
one has also to mention experiments which shouldrclarify the in-
fluence of the ballooning on flow blockage and on the flooding
behaviour. But also oxidation of the fuel cladding and oxygen em-

brittlement is researched at the National.Laboratory in Karlsruhe. '

" In the post DNB period before rewetting - starting at a temperature
of about 900°C - the onset of the zircon water reaction is to be ex-
pected. But already at slightly lower temperatures there may héppen

a ballooning or a ductile failure of the cladding which may influence
the local temperature rise and may damage the fuel rods. At 1200°C

the zircon water reaction is fully developed.

Due to the zircon water reaction an oxid layer is formed at the
cladding which produces a concentration gradient for oxygen in the
tube wall. At the same time hydrogen becomes free and so the condi-
tions for a brittling of the cladding are given. Tﬁérefore one

distinguishes between a ductile and a brittle cladding failure.

_17...
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The most important parameters for the ductile cladding failure are

the inside pressure in the fuel rod,

the local and temporal temperature distribution
during the loss-of-coolant-accident,

the equality of the cladding thickness and

‘the time and history of operation.

Up to now there are some data - especially from US-laboratories -
giving the dependance of the temperature at which fuel rod failure
occurs from the inside pressure in the fuel rod as shown in fig. 13.
With growing pressure the temperature limit decreases at which the
failure of the cladding occurs. In this figure mainly results gainéd
‘from isothermal tests are plotted, i.e. in these tests at constant
temperature the inside pressure was raised up to the failure of

the cladding. One of the curves shows also results of transient

tests. Furtheron there are pointed out the results of US manufactures

and other US-laboratories. In the next picture - fig. 14 - the circum-

ferential stretching of the ballooned and burst cladding is shown
in dependance from the insidé bressure. At a pressure of 28 until
42 bar there is a minimum of stretching which lays about at a value
of 50% from the total circumference. At lower and higher pressure
the stretching is going up to 100%. At pressures between 28 and 42
bars ﬁhe failure temperatures lay between 815 and 980°C. In this
temperatﬁre region zircaloy is present in the M'—/G mixed cristal
phase which differs from the pure of respectively/3 phase by smaller

fracture stretching.

Due to the ballooning of the rods a diminution of the flow cross
section occurs, which produces an additional resistance for the
coolant flow. Theoretically a circumferential stretching of about
30% amounts in a cooling channel blockage of 60% and at 70% stret-

ching the channel would be completely blocked.

Up to now most tests in the literature were carried out with a
constant heat input, i.e. with a linear temperature gradient in
time. Already these tests showed that the temporal temperature

gradient has a clear influence on the failure témperature and on

- 18 -
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the amount of stretching. Nonlinear time-temperature conditions

were not yet tested.

In a brittle failure the cladding bursts almost without any
stretching or it is destroyed due to the high thermal tensions
during the quenching which is called shattering. A brittle failure
is to be expected, if in the circaloy cladding an oxygen—rich phase
occurs. Then due to steam oxidation in the outer.surface of the

-.cladding a ZrOZlayer is formed below which an O, stabilized phase

2
can exist. The most important 1n£luenc1ng parameters on the change

of the stretchlng properties are

the time, the cladding is etaying at constant
temperature, '

the temperature -time course of a loss of- coolant
accicent, ‘

the wall thickness of the cladding.

Generally one can say that with a thickness of the Zrozlayer of

more than 18% brittle failure is to be expected.

5. Licensing Rules Concerning Emergency Core Cooling

The German reactor safety criteria for emergency core cooling are
in some parts similar to the US interims. acceptance criteria.
The layout of the emergency core coolant system must be so that the
‘core temperatures can be kept at low values for long time. Especially
1. the calculated maximal cladding temperatures must not
exceed 1.200 C

2}'the calculated oxydized thickness of the cladding at any
position must not reach the value of 17% of the real wall
thickness,

3. not more than 1% of the whole zircon material in the
cladding is allowed to undergo the zircon water reaction,

4. due to failure of the cladding not more than 10% of the
iodine and not more than 0,1% of the solid fission
products are allowed to become free,

5. no change to such: an extent in the geometry of the reactor
core may occur that a sufficient cooling of the core is
prevented.

The critical mass flow rate is calculated according to the moody
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equation /11/ and immediately after reaching the critical heat

flux stable film boiling has to be assumed. For the heat transfer
coefficients during the blowdown and the refilling period approved
measurements can be taken in account, If measurements are not avai-
lable. The heat transfer coefficients have to be calculated with
the Dougall-~Rohsenow-equation /12/ or with the Groeneveld-equation
/13/ depending from its validity region.

In the emergency core cooling analysis it is assumed that one coo-
ling system fails, another one is just under repair, and the water
flowing to the broken leg does not reach the core. So only one com-
‘plete'emergency cooling system is regarded to be available for re-
filling the core. Another one only through the unbroken leg feeds
into the core, if there is a 'cold-leg and a hot-leg-injection.

So totally spoken it is assumed that one and a half emergency coo-
ling systems are available in the worst case, which have to guaran-
tee that the temperatures in the core do not exceed unallowable boun-

daries.

The licensing‘procedure for the first big pressurized water reactor
Biblis A shoﬁed the important role of the hot—lég~injection in
emergency core coolihg,,which German pressurized water reactors are
equipped.with. Due to the condensing effect of the hot-leg-injected
water the refilling process is expected to be guaranteed in such a
way that the maximum temperatures lay well below 1OOOOC, which amounts
in a negligible number of failed fﬁel rods. So also one has not to

expect a worth mentioning zircon water reaction.

For the layout of all safety devices against loss-of-coolant-acci-
~dent it has to be assumed that the break can occur at any operation
condition which is in the specification for running the reactor,
i.e. also certain transients have to be included. The blowdown
calculation is done with the German computer programs BRUCH-D and
RELAP 4. For evaluating the forces acting on the core structure
during the very first seconds after the break the core structure
itself is assumed be behave stiff. This certainly is a conservative

assumption with respéct to the real conditions.



As known after refueling collapsed claddings were found 1972 in

the nuclear reactor Beznau and in the Westinghouse pressurized
water reactors Ginna and Robinson II. Today one knows that the rea-
son for this collapsed cladding was a densification due to irradiation
of the U02 fuel. In the meantime this densification showed to be
independend from the rod power and from the fuel temperature and
occurs after about 2000 hours of operation. This densification pro-
duces a larger gap between the cladding and the pellets, .which re-
duces the heat transfer from the fuel to the cladding and enlarges
‘the stored heat in the fuel during LOCA. The pellets also become
shorter in axial direction which produces empty spaces and local

flux peaks.

In German nuclear power stations up to noﬁ%%ollapsed cladding oxr
fuel densification was observed. This is true as well for pressurized
‘as for boiling water reactors. It is assumed that the reason for
this fact is a sintering process which produces pellets of higher
density and great thermal stability. Therefore in the German licen-
sing pfocedure thgrfuel densification up to now has not to be taken
in account. Nevertheless'in our country also research activities
for understanding the fuel densification and for the optimalisation
of the sintering process were encouraged.>The aim of the planned
activities. is. to study the porosity'of the sintered fuel under cer-
tain bouhdary'conditions and to test the change intensity durxing-
irradiation. So. by optimalisation of the technological parameters

a fuel should be produced which gives no rise to densification.

6. Final Remarks

Last not least there has to be mentioned one problem.whiéh does

not seem to belong to the reactor safety researxch, i.e. the problem
of making available all the achieved scientific and technical new
knowledge. There one has not only to think about how to inform the
technical people like manufacturer, consultants, supervisors and
regulatory organisations, but there is mainly the problem how toO
inform in a general understandinhg manner the public. For informing
the technical people there are deliberatibns at the National Re-

search Center Karlsruhe to work out an information system for
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reactor safety know-how, which is called RESI.

This system should help to work up all informations which are
essential for the licensing procedure and should make the results
and the information easy accessible to all in nuclear power plants

involved institutions.

The information activities for the public'not only have to

mediate general understandable knowledge and so to liberate the
layman from the myth or from the fear of the atomic energy it also
has to show how the risks coming from the nuclear power stations are
related to the other natigggl ana technical risks which we: are

exposed to in our daily life.
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