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1. INTRODUCTION

The overall objectives of the German reactor safety research program are:

a) the improvement of reactor safety by further increase of the operational

reliability of nuclear power plants and reduction of the probability of

accidents (quality assurance, safety of components)

b) development of experimentally verified methods and means to analyse the

course and consequences of accidents including hypothetical events (class

9 accidents)

c) the further development of safety devices to control such accidents and

mitigate possible consequences

d) the quantitative analysis of the risks coupled with the expanding use of

nuclear energy in the densily populated FRG.

In the frame of the German reactor safety research program, the Kern-

forschungszentrum Karlsruhe is carrying out a comprehensive r+d program on

the behavior of LWR fuel elements under a variety of power cooling mismatch

conditions, in particular loss-of-coolant accidents (LOCA), and on some im-

portant aspects of hypothetical core meltdown accidents.

The major objectives of the investigations of fuel behavior during

LOCA are to establish a detailed quantitative understanding of fuel rod

failure mechanisms and their thresholds, to evaluate the safety margins

of power reactor cores under accident conditions and to investigate the

feedback of fuel rod failures on the efficiency of emergency core cooling

systems.
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The objectives of the core meltdown r+d program are to understand the

dominating mechanisms in the course of the meltdown and meltthrough process

including the reaction behavior with concrete and the development of means

to mitigate the consequences of such an extremely hypothetical accident.

2. MATERIAL AND FUEL ELEMENT BEHAVIOR UNDER LOCA RELATED TEST CONDITIONS

The Fuel Behavior Program of GfK/PNS has been divided into the

following major areas:

-basic material investigations, such as:

•anelastic behavior of Zry-4

•high temperature steam oxidation

•influence of oxide fuel and fission products

-behavior of fuel rods and bundles during loss-of-coolant accidents

-influence of coolant channel blockages on the effectiveness of the emer-

gency core cooling.

2.1 Basic material investigations

2.1.1 The anelastic behavior of Zry-A

The main objective in this aiea is to establish a "constitutive equa-

tion of state" for plastic deformation of Zry clad containing all the para-

meters influencing the inelastic strain.

During the past two years the. inelastic deformation behavior of Zircaloy

cladding at high temperatures has been extensively examined. These investiga-

tions have shown that the plastic properties are influenced by several fac-

tors. Besides the main variables temperature and stress (or strain rate) re-

spectively, phase composition, grain structure, grain morphology, environ-

ment as well as geometrical factors influence the deformation process sensi-

tively. Whereas for lower temperatures plastic deformation is governed by

dislocation glide and creep, for temperatures above 800 C grain boundary

sliding becomes important. This deformation modus, rouled by diffusion, is

reponsible for the extended ductility observed in the two phase regions.Also

in this region, due to the change in phase composition, large variations

in ductility with temperature are detected (?lg. 1). At higher tempera-

tures (above 950 C) grain growth reduces the ductility.

Th,ere are several possibilities by which steam environment can influ-

ence the plastic properties of Zry at high temperatures.



Solid solution hardening by the take up of oxygen in the matrix re-

duced the ductility. This is a volume effect and therefore the reduction

in ductility depends on temperature and exposure time respectively.

A surface effect is caused by the hard and brittle oxide layer formed

in steam atmosphere. The ZrO -layer can carry high loads thus preventing

plastic flow in the clad. As it was shown, the deformation in a steady

oxidizing atmosphere proceeds microscopically inhomogeneously. The deforma-

tion of the clad initiates at cracks in the oxide layer. There is increasing

evidence that the in situ influence of environment upon plastic behavior is

different from that observed in tests on material with a time independent

composition. This is of particular importance for the development of con-

stitutive equations.

Taking into account the embrittling influence of steam atmosphere it

is expected that predictions of strain based on data from tests in inert

atmosphere should be conservative.

2.1.2 High temperature steam oxidation

Zircaloy 4 tube sections have been exposed to doublesided high temperature

steam oxidation under isothermal and temperature transient conditions.

Isothermal exposure has been performed at 700 - 1300 C. Any desired

sequence of heating, holding, and cooling could be programmed. Blowdown

conditions, code-calculated PWR LOCA-typical, LOCA-similar, and pessimis-

ticly assumed time-at-temperature conditions have been simulated. Quan-

titative results were elaborated by gravitnetry and metallography to define

the kinetics of oxygen uptake and distribution with respect to the conse-

quenses on metal consumption and mechanical embrittlement.

For isothermal testing, no significant influence of the experimental

method of specimen exposure could be detected. The kinetics of oxygen pick

up and bulk penetration between 1000 and 1300°C were confirmed to be

parabolic, at lower temperatures to be cubic. For temperature transient ex-

posure,the results do not indicate an/detectable influence by thermal stress-

es, induced by LOCA temperature changes on the kinetics. At 800 C the dif-

ference between isothermal and LOCA-exposure were hardly notable. At

higher temperatures, the average weight gains resulting from LOCA expo-

sures are about 32% lower than those of comparable isothermal conditions.

Therefore, refering to the licensing basis, for LOCA similar oxidation

reactions at temperatures above 900 C an oxygen uptake can be expected

which is in the average 47% lower than predicted by the Baker-Just rela-

tion (Fig. 2).



Isothermal and transient oxidation testing was accompanied by

SIMTRAN computer code calculations which proved to be in good agreement

with experimentally measured total weight gains and oxygen distributions.

Comparative stress-rupture tests of Zircaloy 4 tube capsules at 800

- 1300 C in steam and argon showed-in case of steam exposure-increasing

strength (longer time-to-rupture) and decreasing ductility (lower circum-

ferential strain) (Fig. 3). Increase of oxidation was found when at high

creep rates the metallic bulk structure became part of the oxidizing sur-

face by oxide scale cracking and high local straining.

2.1.3 Influence of oxide fuel and fission products

The objectives of these investigations are to indentify the chemical

interactions between the Zry-cladding and UO and the most important fis-

sion products (esp. Cs, J, Te), respectively, and to evaluate the resulting

effects on the mechanical properties of the cladding as a function of

temperature and time. Therefore, out-of-pile annealing experiments were

performed with short LWR cladding tubes containing UO . Fission

products were added to simulate burnupsof up to 50 000 MWD/t. The samples

were subjected to differential pressures during isothermal and transient

annealing tests under helium up to 1200 C. The prepressure varied between

1 and 60 bar at room temperature.

Whereas at low internal pressures hyperstoichiometric UO. causes a

Zry cladding strengthening due to the oxygen uptake, at high internal pres-

sures (>15 bar) the influence of the oxygen potential of the UÛ2 (O/U-

ratio) on the strain and rupture behavior of the Zry cladding tubes is

clearly reduced. For great differential pressures the time until cladding

rupture occurs is short and the burst temperature is relatively low.

Thus, the chemical interaction has really no pronounced influence on the

burst temperature and burst pressure. The circumferential rupture strain

of the Zry-4 cladding tubes show in the two phase region at about 950°C

a minimum, both for the UO.-filled and Ar-filled reference specimens.

If fission products are added as elements, only Jodine and Tellurium

will react with the Zry-cladding, both with and without UO . Experiments

to clarify the influence of these chemical interactions in the mechanical

properties are under way.



2.2 Behavior of fuel rods and rod bundles during loss-of-cooland accidents

The objective of the experimental program in this area is to obtain

a detailes description of the anelastic deformation behavior of the clad

under reactor typical cooling conditions in the different phases of

a LOCA. Besides a seriea of out-of-pile experiments with single rods

in the blowdown phase, most of the Gfk experiments on fuel behavior

are concentrated on the refill and reflood phases of a LOCA. During these

phases the zircaloy fuel rod cladding may reach temperatures which cause

them to balloon and to burst under the impact of internal overpressure.

The possible local ballooning constricts the cooling channels in the fuel

element and such blockages may lead the local impairment of the cooling

efficiency.

The out-of-pile experiments are designed to investigate the ballooning

process in single-rod and multi-rod geometries. Important features of the

experiments are a detailes investigation of the interaction between

ballooning and cooling, and the measurement of the ballooning parameters

during the process.

The experiments are performed in a test loop simulating the reactors

cooling conditions. Full-length electrically heated fuel rod simulators

with an axial power profile will be used (Fig.4). They were developed to

model the nuclear fuel rod, especially its thermal and its fluid dynamics

behavior.

About 50 preliminary tests have been performed in air with shortened

fuel rod simulators. In Fig. 5 the circumferential strain is plotted

as a function of time. The temperature and pressure transients are

shwon also.

Fig. 6 shows some ballooned and failed zircaloy tubes. The shape

of which was reproducible in all cases. The cladding is lifted conically

over a considerable length and rupture occurs without the formation of

a pronounced local balloon. The colder side of the cladding tubes shows

a marked clad lifting.

In all experiments performed so far with the internal conduction

heating type simulator, significant circumferential variations of the

cladding tube temperature were measured. The existence of such differ-

ences, which, in principle, are also expected in a nuclear fuel rod, has

a decisive influence on the ballooning process. Since the deformation of

the zircaloy is very sensitive to small variations in the claddii;? tern-



perature, rupture will always occur in the hot cladding area within a

relatively short time. This prevents large circumferential strains.

Provided that the findings described above can be proved by further

experiments with full-length fuel rod simulators and particularly by in-

pile experiments, and the failure propagation is not detrimental, less

f.Ldw blockage should result than previously expected.

The in-pile experiments in the DK-Loop of the FR 2 Reactor in Karls-

ruhe are designed to investigate the influence of those nuclear parameters,

which cannot be simulated out-of-pile. This includes:

- the thermal, mechanical and chemical behavior, especially of irradiated

fuel and canning material

- the presence of fission products released during preceeding steady

state operation, and the additional release during the temperature

transient

- the nuclear heat generation.

The initial condition of the fuel rods, already at the onset of a

LOCA, is strongly influenced by the degree of burnup. Therefore, the

degree of burnup was selected as the dominant parameter for these in-pile

tests.

Several test series with unirradiated rods and with rods pre-irra-

diated from 2.5 through 35 GWd/t will be made. The internal rod pressure

will be varied as a parameter from approx. 45 bar through 100 bar at

operating temperature. To compare the results with non-nuclear tests, ref-

erence tests are planned using electrically heated fuel rod simulators in

the in-pile test section. Some scoping tests with internal rod pressures

between 25 and 100 bar had been completed and the series with unirradiated

rods has been started.

All out-of-pile and in-pile data obtained so far by GfK are well with-

in the data scatter of the results obtained by other investigators (Fig.7).

It should be emphasized that the circumferential strains, obtained by in-

direct heated experiments, are generally lower than those obtained by

direct heated specimens.

2.3 Influence of coolant channel blockage on the heat transfer during

the reflood phase

To answer the question of the influence of coolant channel 'blockages

en the cooling conditions an experimental program is under way, where the



fuel pins are simulated by electrically heated rods with exchangeable

balloons attached to the outer surface. The rods have full length and up

to 8 thermocouples embedded in grooves which are milled into the sheath.

Fig. 8 shows schematically the test rig with 5 rods. High speed movies

have been taken through windows in the test .section to obtain informa-

tions about the steam-water-flow prior to the quenching of the rod surface.

The following parameters have been varied:

~ geometry of the blockage

- initial rod temperature

- temperature of the flooding water

- mass flow of the flooding water (constant for each test)

- back pressure at the outlet of the bundle (constant for each test)

- level of the decay heat (following ANS-Standard).

Fig. 9 shows the types of blockages which have been investigated.

Sheath temperature and heat transfer coefficients are being deter-

mined as functions oi time and axial position under variation of the

parameters mentioned above. An other important result is the definition

of shape and mechanical design of blockages with the largest influence on

the cooling conditions to be used in system effert tests. Further exper-

iments involve 5x5 rod bundles instead of thp 5 rod row.

By the extensive basic and integral experiments on fuel behavior

during loss-of-coolant accidents described above (in 2.1 - 2.3) a detailed

knowledge of the relevant failure mechanisms will be achieved. This under-

standing is expressed in physical and analytical correlations which will

be incorporated into a computer code system SSYST. This code system will

be made available to licensing authorities and review committees as well

as to reactor vendors for safe design against all types of accidents to

reduce the socalled conservative approach with global safety factors.

Based on representative experimental data the uncertainties and

safety margins can be quantified in the analytical models and the design

fo power reactor fuel elements and safety devices, respectively, can be

further improved.

3. BEHAVIOR UNDER CORE METLING CONDITIONS

3.1 The fuel element melting process

Taking into account the extreme small likelihood of a hypothetical

core meltdown accident we investigate the meltdown behavior of fuel rods

by making use of out-of-pile simulators consisting of PWR Zircaloy-4



claddings and UO ring pellets heated up by a central tungsten rod.

Experiments on single rods with and without spacers in He and steam

atmosphere show, that the rod failure does not consist of succeeding

meltdown of the components of the fuel elements, but is strongly influ-

enced by the metallurgical interaction of the different materials and by

the cladding oxidation by the steam atmosphere.

The main result of our investigations is, that the UO -pellets melt

down when the melting temperature of the Zircaloy at about 1850 C is

reached. This agrees well with the results of the phase diagram investiga-

tions on the system U-Zr-O. Zirconium takes some oxygen from the UO , by

forming oxygen containing ct-Zr and a (U,Zr)-phase with low melting tem-

perature. Considering the zirconium-steam reaction, the outer layers of

the can change to ZrO , forming an relatively tight layer. The thickness

of this layer depends on the heating rate. According to the heating rates

from 5 C/sec in the centre of the core to 0.5 C/sec in the outer regions

layers from roughly 25% nearly 100% of the available amount of Zirconium

could be formed. At temperatures above 1900°C holes are formed in the

oxide layer and the molten part of the UO0 poures out. The formation

of oxide layers also reduces the interaction between Zircaloy and Inconel,

thus preventing a melting point decrease of the can by the spacers.

Experiments with bundles are on the way. They will give informations

on the. interaction between the different rods of the bundle. Also experi-

ments with ballooned cans are envisaged, to examine the behavior of

blockages and in fact the coolability of the core at the early beginning

of a partial core meltdown.

3.2 Reaction behavior during the core melting [1,2]

The main problems connected with the reaction behavior of a core melt

in the pressure vessel are: the composition of the melts and the vaporiza-

tion within the reactor pressure vessel, the distribution of the internal

heating sources, i.e. the fission products and the actinide elements in

the melts, and the kind of melting through of the pressure vessel. The

afterwards following reactions of the core melt with the concrete of the

containement generate new problems such as: the way and velocity of

penetrating the concrete by the melt, the amount of liquified concrete

the release of gases H-, H-O, CO , CO and the release of

highly active components. After the melting process a partly oxidized

system can be expected within the pressure vessel. The liquid oxide phase

and the metallic melt are immiscible. The amount of the oxide melt or the



metallic melt, resp. is dependent on the degree of oxidation and the

amount of molten steel. The composition of these two phases of the melt

is mainly dependent on the degree of oxidation.

The release of fission products is closely related to the reaction

behavior of the fission products in the melt. While the alkaline metals

Rb and Cs as well as elements such as Sb, Te and I and the noble, gases Kr

and Xe will be released during the melting process, most of the fission

products will remain within the melt. Under inert or slightly oxidizing

conditions the rare earth fission products are homogeneously dissolved in

the oxide phase whereas the alkaline earth metals are enriched in the oxide

phase of the melt on places with high Zr~concentrations. The amount of Zr

in the oxide and metallic phase is strongly dependent on the oxidation

state. The platinum metals and Mo are dissolved in the metallic melt.

An increasing degree of oxidation causes Zr, Nb and later Mo, Tc

to enter the oxide melt. The oxidation of these latter elements will

occur only when the pressure vessel is molten through and the core melt

is in contact with concrete. Concrete melts at about 1300 C. H O and CO

(limestone aggregates) are released from the heated concrete. They both

can oxidize the metallic part of the core melt. The complete miscibility

of concrete and (U,Zr)O in the liquid state leads to a continuous dilu-

tion of the core melt connected with a decrease of the melting point

(Fig. 10). The metallic part of a core melt corresponding to the composi-

tion of partly oxidized Corium A+R is completly oxidized by approximatly

twice the amount of concrete (silicate aggregates); the metallic melt of

partly oxidized Corium E+R needs about fourfold amounts of concrete to be

completly oxidized.

3.3 Properties of core melts [3,4]

To calculate the behavior of the pool of molten components inside the

reactor pressure vessel the knowledge of a number of properties of the

different types of a core melt is necessary. Due to the fact, that the

demanded properties as heat capacity, viscosity, thermal conductivity,

thermal expansion and density cannot be measured directly under accident

circumstances their evaluation by mathematical and graphical extrapola-

tion from data measured under experimentally controllable conditions has

been tried successfully. For example the heat capacity for the different

molten corium types depends on the composition of the core melts and the

general heat capacity, which is constant for random solid materials as

metals, intermetallics or metal-oxygen compounds. The thermal conductiv-



ity of the corium melts at their melting points can be extrapolated from

lower temperature measurements in the solid state taking into account,that a

fixed ratio exists between the thermal conductivity of metals and oxides

in solid and liquid state at their melting points. - In a more theoreti-

cally supported way the viscosity can be calculated by the Andrade equa-

tion from the known molar volume, molar weight and the melting point of

the corium melt types considered.

These evaluation methods have been proofed with different materials

others than corium. The comparison of the assessed results to those which

are known from direct measurements gave sufficient agreement to dare the

engineering approach to corium. In Table I the estimated properties of

the different corium melt types are summarized.

3.4 Realease of fission products and other components

During the course of the hypothetical core melt accident it is of

great interest to know the amount of radioactivity which might be released

from the fuel to escape into the environment. This in turn changes the

composition and withdraws heat and heat sources from the melt. An ex-

perimental program is carried out

- to determine the amount of fission and activation products released

as well during heatup as from molten core material including concrete,

and

- to investigate the transport and deposition characteristics of radio-

active aerosols and gases under realistic reactor conditions.

The experimental facility "SASCHA" consists of a high frequency

induction furnace and a system for transportion and collection of the

released products.

Corium samples up to 3 kg of mass can be heated up to temperatures

of 3000 C in crucibles of ThO- or concrete. The atmosphere may be

oxidizing (air, steam), inert (Ar) or reducing (Ar+H ), respectively.

Instead of irradiated UO a synthetic mixture of fuel and fission prod-

ucts (fissium) is used. A series of experiments has been conducted to

determine the release of the main components of the melt, i.e. Fe, Cr, Ni,

Mn, Co, Mo, Sb, Sn, Zr, and U as a function of temperature and atmosphere.

In air, a maximum of 1.2 wt % of the melt was released. About 90%

of the released U and Zr was deposited on the walls of the transport

system (that means only 10% on the filters). Therefore, one may conclude,

that the inner surfaces of the primary vessel will retain a large amount of

the low volatile fission products including Pu thus, causing a considerable
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reduction of radioactivity released into the containment. The release frac-

tions widely vary for different elements, with maxima ranging from 8-12% for

Sb and Mn and minima of about 0.2% for U. Using other atmospheres mentioned

above the total release up to 2700 C is much less than the release in air.

On higher temperatures, however, and on inert or reducing conditions, a

strong increase of the total release has been observed.

It is planned to extend these investigations by conducting scale-up

experiments with larger amounts of melts and to introduce the whole knowl-

edge on core melt down in a computer code for calculating the activity

release from the melt and the transport phenomena of aerosols and gases

inside the containment. This code will provide for calculating the

hazardous potential of sctivity release into the environment in the case

of postulated containment leakages.

4. SUMMARY AND CONCLUSIONS

- There is experimental evidence that in the course of a LOCA the total

Zry oxidation or oxygen takeup is about 40% lower compared to the used

Baker-Just equation. The new data are based on LOCA-similar transient

tests in Germany, USA, and UK.

- The detailed analysis of the kinetics of the oxidation rate is in good

agreement with experimental data. However these experiments were per-

formed up to now under idealized conditions. Experiments with super-

imposed temperature and pressure transients are of high priority.

- The high temperature steam oxidation of the cladding leads to a reduc-

tion of ductility already at 900 C.

- An influence of the oxygen potential (0/U ratio: 2.00 to 2.05) on the rup-

ture behavior of the Zry tube have been measured but it clearly decreases

and can be neglected at high LOCA typical differential pressure and strain

rates, respectively.

- During the deformation of Zry-4 in an oxidizing atmosphere strains are

concentrated on small necking regions. The influence of this deformation

behavior on the failure mechanism of the fuel rod should be investigated

in more detail.

- A nlnimum in strain is observed in the upper temperature area of the

a+B-region. This is observed as well in laboratory experiments as in

engineering tests. However, a specific strain behavior with an ex-

tended ductility is dominating if specific boundary conditions are

given and occurs in the low a+13-phase (at. about 800°C).
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- The ballooning experiments on short, indirectly heated fuel rod simu-

lators exhibited circumferential burst strains in the order of 36% at

an internal rod pressure of 70 bar. Higher internal rod pressures result

in lower strains. Azimuthal temperature differences on the zircaloy

cladding of up to 100 K may occur. The cladding always bursts at the

hottest spot with the highest strain, i.e., at the most pronounced

weakening of the wall. The opposite colder side of the rod shows a

marked lifting of the zircaloy cladding tube over a long axial section

and without any reduction of che wall thickness. No pronounced lokal

and radially symmetric ballooning was observed.

- Tie number of inpile experiments performed so far is too small to

clarify whether the déformation behavior described above is also typical

for inpile heated fuf>l rods. Therefore more inpile fuel behavior tests

under accident conditions are necessary to confirm the out-of-pile data

and to be able to describe the influence of irradiation.

- The hypothetical core meltdown starts by rod melting within a zone around

the boundary layer UO -pellet/Zircalloy cladding at temperatures of about

1900°C. The outermost oxidic layers of the claddings act as conduits for

the liquified eutectic mixture of UO and Zr until partial breaking off occurs.

- The following steps in the sequence of the core meltdown accident lead

to a molten pool on the bottom of the RPV, which is supposed to be

molten through at latest 1.5 hrs after the end of the blowdown. After

th(~'- period the melt gets contact with concrete of the basement.

- The investigation of the reaction and release behavior as well as the

properties of the corium and their constituents including fission prod-

ucts contributed essentially to some main problems, i.e. the possible

penet.:at\on of the reactor basement by the melt and its avoidance and

the evaluation of the hazardeous potential of airborne radioactivity in

the post accident containment atmosphere. More work has to be done with

this respect.
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Fig. 1 : Temperature dependence of the total strain

Fig. 2: Zircaloy 4/steam high temperature oxidation. Comparison of
weight gains during isothermal and LOCA-similar exposures
with constant temperature periods at given max.temperatures
(800 - 130O0C) and in total 3min duration

I ; -i +$,*&, /f'.! //'///!// ' '-!i
,!/'' '-, /Y ' } ' / r/'-̂ i

//:/'/!/.+*' l

JiT f I 1 F [ I ^*»f F ~/Hi™i

-.1/1 _
»0 10) HM «D UB

Fig. 3: Circumferential strain of Zry-4 cladding tubes in Argon and
steam at 90O0C at different inner pressures (figures in the
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diagram: ;
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Fig. 4: Fuel rod simulator

Fig, 5: Ballooning process of a Zircaloy-4 cladding (measured data)
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Fig. 6: Ballooned and burst Zircaloy claddings
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Fig. 7: Curcumferential elonga-
tion at rupture of
Zircaloy claddings
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Fig. 8: Test rig (schematic)
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Fig. 9: Types of the blockage
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Fig. 10: Melting points of the
oxide phase of core melts
with concrete dependending
of the (UO0-I-ZrOn)-content
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