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Abstract

At the Kernforschungszentrum Karlsruhe, Federal Republic of Germany (FRG),

out-of-pile bundle experiments are performed in the CORA facility to investigate

the behavior of light water reactor (LWR) fuel elements during severe fuel

damage (SFD) accidents. Within the international cooperation the most signif

icant phenomena such as cladding deformation, oxidation (especially the zirco

niuml steam reaction), melt formation, melt release, and relocation which were

found in all tests have been analyzed.

Especially at high temperatures", the heat release due to the exothermal

zirconium/steam reaction causes a temperature escalation which influences the

damage progression in the bundle. To investigate the phenomena related to the

c1adding oxidation, three tests of the PWR (pressurized-water reactor) -type

were chosen: CORA-2, CORA-5, and CORA-12. From each bundle, which has

been embedded in epoxy, several sampies were cut and their horizontal and

vertical cross sections were examined using an optical microscope.

The main interest was focused on the understanding of the oxidation behavior

of the fuel rod claddings and the mechanisms of cladding deformation. In

addition, a comparison between test CORA-2 and CORA-5 considering the dif

ferent test conditions has been performed. The influence of the test termination

by flooding the test section with water from the boUom (quenching) was inves

tigated with test CORA-12.

In general, the oxidation behavior shows a strong dependency on the axial

temperature profile, dividing the bundle into several zones. Below 0.15 m the

claddings are slightly oxidized whereas in the middle and upper parta nearly

complete oxidation is found. In the middle the oxidation is offen stopped by

relocated melt which solidified at the cladding surface. In the upper part the

oxidation is stopped by lack of unoxidized material due to melt and release of

the innermost zircaloy layer. In this region the oxidized c1adding is composed

of an outer Zr02 layer, which has been formed below the melting point of

tl-zircaloy and an inner oxidized part, which was formed after the release of

melt. The thickness of the oxide scales observed shows a variation from one rod

to another at the same elevation as weil as an azimuthai variation at each rod.
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To investigate the influence of the test history an test sequence diagram was

developed which allows a detailed analysis of the sequence of phenomena as

weil as a comparison 'Jetween different tests. So the damage behavior of the

bundle CORA-2 was mainly affected by ballooning and bursting at around 0.6

m, so that the transient started at this elevation. At CORA-5 , the absorber rod

in the central position of the bundle released absorber melt which was sprayed

over the whole cross section of the 25 rod bundle, leading to c1adding failure

due to eutectic reactions between Ag, In, and Zr.

In allanalyzed tests a special type of c1adding deformation ("flowering") was

found in the high temperature region of the bundle. Due to the increase of the

c1adding surface, which can be oxidized further, the release of energy due to

the c1adding oxidation is enhanced, rising the initial heat-up rate. To explain this

phenomenon a model will be proposed, which is based on all observations

performed so far.
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Zusammenfassung

Am Kernforschungszentrum Karlsruhe werden in der Bündeltestanlage CORA

Out-of-pile Experimente zur Untersuchung des Verhaltens von Leichtwasser

Reaktor (LWR)-Brennelementen unter Bedingungen, wie sie bei schweren

Kernschäden (Severe fuel damage, SFD) auftreten können, durchgeführt. Im

Rahmen der internationalen Kooperation wurde der Einfluß der wichtigsten

Phänomene wie z. B. der Hüllrohrdeformation, der Hüllrohroxidation (Zirkon

Wasser-Reaktion), der Schmelzebildung, -freisetzung und -verlagerung auf den

weiteren Schadensablauf im Bündel untersucht.

Speziell bei Temperaturen über 1500 K beeinflußt die Temperatureskalation

durch die Wärmefreisetzung der exothermen Hüllrohroxidation die Schadens

ausbreitung im Bündel. Um die sich aus der Hüllrohroxidation ergebenden

Phänomene zu untersuchen, wurden drei Druckwasserreaktor

(DWR)-spezifische Tests, CORA-2, CORA-5 und CORA-12, ausgewählt. Die in

Epoxidharz eingegossenen Bündel wurden in mehrere Bündelblöcke zersägt,

so daß sowohl Quer- als auch Längsschnitte vorliegen. Von jedem Versuch

wurden alle Querschnittsflächen, die bereits für metallurgische Analysen

präpariert wurden mittels optischer Mikroskopie untersucht.

Ein Hauptziel ist die Untersuchung der axialen Verteilung der Oxidschichtdicken

der Hüllrohre und des Zirkaloy-Shrouds. Ferner wurde der Einfluß unter

schiedlicher Versuchsbedingungen anhand CORA-2 und CORA-5 sowie der

Einfluß der Versuchsterminierung durch Fluten des Kühlkanals von unten mit

Wasser (Quenchen) anhand CORA-12 analysiert.

Generell wird eine starke Abhängigkeit der axialen Verteilung der Oxidschicht

dicken von der axialen Temperaturverteilung während des Versuchs beob

achtet. Daher kann die ca. 1.0 m lange beheizte Zone des Stabbündel in drei

axiale Zonen unterteilt werden: unterhalb von 0.15 m sind die Hüllrohre nur

sehr leicht anoxidiert, während im mittleren Bereich die Oxidation durch

Schmelzeanlagerungen gestoppt wird. Im oberen Drittel wird eine vollständige

Oxidation aller Hüllrohre beobachtet, wobei durch Aufschmelzen und Verlagern

von metallischem Zirkaloy die erreichbaren Oxidschichtdicken limitiert sind. In

diesem Bereich setzt sich die Hülle aus zwei Schichten zusammen: einer

äußeren Zr02-Schicht, die unterhalb der Schmelztemperatur von (X-Zirkaloy
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gebildet wurde, und einer inneren Schicht, die erst durch Dampfzutritt nach der

Schmelzefreisetzung entstand. Dabei variieren die innerhalb einer Bündelhöhe

gemessenen Oxidschirhtdicken beträchtlich sowohl azimutal als auch von Stab

zu Stab.

Zur Untersuchung des Einflusses des Versuchsablaufs auf den

Bündelendzustand wurde ein Versuchsablaufdiagramm entwickelt, das auf

Basis von Temperaturfront (TF)-Kurven sowohl eine zeitliche als auch eine

axiale Lokalisierung der beobachteten Phänomene erlaubt. Damit ist ein Ver

gleich unterschiedlicher Tests unter Berücksichtigung der unterschiedlichen

Versuchsbedingungen möglich. Mittels dieses Diagrams konnte für CORA-2 der

Einfluß des Hüllrohrblähens und -berstens in ca. 0.6 m Bündelhöhe erkannt und

bewertet werden. Ferner konnte in CORA-5 die Beeinflussung des

Bündelverhaltens durch die Freisetzung von Schmelze aus dem zentral ange

ordneten Absorberstab abgeschätzt werden.

In allen untersuchten Tests wurden starke Hüllrohrdeformationen ("flowering")

in Bündelbereichen mit hohen Temperaturen beobachtet. Da mit dieser

Hüllrohrdeformation auch eine Freilegung von oxidierbarer Zirkaloyoberfläche

verbunden ist, wird durch die dabei zusätzlich freigesetzte Energie die

Bündelaufheizung beeinflußt. Um dieses Phänomen zu erklären, wurde ein

neues Modell vorgestellt, das auf den bisherigen Beobachtungen basiert.
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1. Introduction

In the framework of the international cooperation of investigations on the light

water reactor (LWR). fuel element behavior under severe fuel damage (SFD)

conditions, out-of-pile bundle tests are performed in the CORA facility at the

Kernforschungszentrum Karlsruhe (KfK) /1/. One main goal of the tests is to

recognize the phenomena, their interactions, and their influence on the damage

progression during heat-up and fast cool-down (quenching). Another goal is to

complete the data base necessary for code verification, especially during heat

up when early melt formations and relocations occur.

So far eleven tests, eight pressurized water reactor (PWR) specific and three

boiling water reactor (BWR) specific tests have been performed under various

conditions (s. Table 1 and Table 2) /2/-/6/.

During the test, the on-line data, such as temperatures, initial fluid composition

in the steam generator (s. Figure 1) system, and fuel rod pressures, were sam

pled and the aptical inspections and documentation of the damage progression

inside the bundle were performed using video cameras.

After the test the bundle end state is analyzed by two different kinds of investi

gation methods. One set of investigations tries to establish agiobai description

of post-test bundle state based on axial profiles which describes the bundle

cross section, the damage state, the bundle rnass, the dissolution of the pellets,

etc.. In this report an oxide profile is performed based on the optical inspection

andexamination of several cross sections by an optical microscope.

Other investigations are focused on the chemical reactions between the various

reactor materials and their influence on the local damage progression. For this

purpose metallurgical examinations using a scanning electron microscope

(SEM) and microprobe analyses were performed at certain positions of the

bundle /1/-/5/. The phenomena identified were investigated in detail in the sep

arate effect tests mainly focused on the kinetics of chemical reactions and the

chemical compositions of the resulting reaction products /7/-/11/.

In addition to the experimental work, analytical calculations have been per

formed using the stand-alone SCDAP computer code, which has been adapted
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to the specific conditions of the CORA facility, to predetermine and to evaluate

the CORA tests /12/,/13/.

Up to now the post-test bundle state of the first five tests, CORA-2 - CORA-15 (s.

Table 1) have been examined using a computer assisted image analyzer

/15/,/14/. So, in the horizontal cross sections the areas of residual pellets, which

had not been affected at all, were identified. Together with the cross section

areas of solid materials and those of the tungsten pins, the areas of the rem

nants of the c1addings and relocated materials were calculated. Moreover, the

positions and the size of coolant channel blockages and their coarse material

composition were derived.

The main objective of the present investigation is an analysis of the overall oxi

dation behavior in the bundle including the Zircaloy (Zry-4) shroud. So the

PWR-specific tests CORA-2, scheduled as a reference test, CORA-5, the first

bundle with an absorber rod, and CORA-12, where the influence of the quench

ing was investigated, were selected for the analysis.

The bundle CORA-2 had no absorber rod and the observation holes (windows)

in the shroud were quite large. In bundle CORA-5 the central unheated fuel rod

was replaced by an absorber rod to investigate the influence of the absorber

melt on the fuel rod behavior. Test CORA-12 was performed to analyze the

behavj.orofa bundle, which was heated up to 2300 K, during quenching. Fur

ther, the Inconel spacer in the middle of the bundle was replaced by one made

of Zry-4 in bundle CORA-12 (section 2).

Considering the different initial conditions, a comparison of these tests becomes

very complicated. Therefore a special diagram has been established showing

the sequence of phenomena observed and the relevant boundary conditions

such as temperatures, damage progression in the bundle, thermohydraulic

conditions and the electric power input. With these diagrams a global test

analysis can be performed which allows an interpretation of the results of the

post-test investigations. Moreover, different tests can be compared and the

influence of the different test conditions can be quantified.

One phenomenon which was observed in all tests is the deformation of the

c1adding, which occurs at high temperatures. After a detailed analysis of this

phenomenon a possible explanation of these deformations will be proposed (s.

section 4).
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2. Description of the analyzed tests

The three PWR-specific bundles, CORA-2, CORA-5, and CORA-12, have different

goals (s. Table 1). To reach these goals different test conditions were used

whieh cannot be neglected. In this section the different initial and boundary

conditions will be discussed focused on their influence on the damage pro

gression during test.

2.1 PWR-specific bundle components

Generally five different components were used to assemble a PWR-specific

bundle. The geometrie dimensions are given in the appendix (s. Table 3, /2/).

1. Heater rod:

In the electrical heated out-of-pile experiment CORA the heat source is the

central tungsten pin (4),,,6mm) of the heater rod. The annular U02-pellets,

made of depleted uranium, separate the tungsten pin from the PWR-specific

Zircaloy (Zry-4) -c1adding. At the axial ends of the pellet stack (about 0.0

rri and 1.0 m high), electrodes made of molybdenum (4),,,8.6mm), were con

nected to the tungsten pin.

2. Unheated rod:

The PWR-specific Zry-4-c1adding Is filled with U02-pellets, made of depleted

uranium. To measure bulk temperatures within the bundles, some pellets

have a central hole (4)'''1.8 mm) which contains a high temperature ther

mocouple. The unheated rod is heated up by convection and radiation. It

contains no heat source, except for the exothermal reaction (zirconium

steam reaction) at temperatures above 1200 °C.

3. Absorber rod:

The PWR-specific absorber rod is composed of a stainless steel (ss) -clad

ding which contains the absorber material (Ag,ln,Cd) and is inserted in the

guide tube made of Zry-4.

4. Shroud:
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The fuel rod bundle is surrounded by a 1.2 mm thick rectangular zircaloy

liner which should provide a guidance of the fluid. A 20 mm thick Zr02-fiber

insulation is wrap'1ed around the zircaloy shroud to reduce the radial heat

losses so that a rather flat radial temperature distribution can be obtained.

Up to ten observation holes in the Zry shroud and the insulation allow an

optical inspection and documentation by video cameras of the damage

progression in the bundle.

Nevertheless the high porosity of the insulation did not protect the outer

surface of the shroud from steam exposure.

5. Grid spacer:

Two different types of grid spacers were used to arrange the bundle. The

Zry spacer grid is a complex structure, made of Zry-4 and Inconel springs.

The other spacer is completely made of Inconel-718.

2.2 General test description

Instrumentation

The temperatures of the fuel rods, the fluid, the shroud, the fiber insulation and

the high temperature shield (HTS) were measured at several axial bundle ele

vations by thermocouples. The inner pressure of same fuel rods and system

pressure were also measured. The behavicr of the bundle is observed and

recorded by video system at ten axial bundle elevatians through observation

holes in the shroud and the fiber insulation (windows).

Test sequence

Each CORA test is split inta four phases, the preheati ng phase (Os < t < 30005),

the heat-up phase (3000s<t<3900s), the escalation phase (39005 <t<4900s),

and the cool-down phase (t > 49005), whereas in this report only the heat-up, the

escalation, and the cool-down phases will be discussed.

The transient heat-up of each test starts at 30005 with the rise of the electric

power to 6 kW. The fluid, at that time pure argon, is enriched by steam after

33005, reaching a steady state fluid composition at 36005. The temperature

escalation due to the exothermal zirconium steam reaction occurs between
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3900s and 4100s. At 4700s the electric power reaches the maximum value of

about 28 kW which is shut down at about 4800s, starting the cool-down phase.

The steam supply is st')pped after andthe bundle is cooled down.

The tests CORA-2 and CORA-5 were cooled down by a constant argon mass

flow, whereas the test CORA-12 was terminated by quenching. To simulate the

reflood phase the water surface in the quench tank was Iifted over the bundle.

Post test analyses

After the test, the HTS is lowered giving free access to the bundle, to allow an

optical inspection and sampie collection. Then the bundle is embedded in epoxy

resin without moving the bundle, to fix the status of the bundle tested and avoid

additional damage after the experiment. The embedded bundle is cut horizon

tally and vertically into several pieces. For metallurgical analyses some sur

faces were grinded and polished.

2.3 Initial and boundary conditions

CORA-2

Two CORA-tests were run without any absorber rods as reference tests,

CORA-2 for standard PWR-test and CORA-3 for high temperature test (up to

2400 °C). Bundle CORA-2 is composed of 1t:. heater rods and 9 unheated rods

arranged by three grid spacers, the lower and the upper were made of Zry-4

whereas the middle one was made of Inconel-718 (s. Table 3). In this test the

observation holes were quite large and located at the corner of the shroud (s.

Figure 2).

The steady state mass flow of about 4 gis argon and about 6 gis steam is

injected into the coolant channel. A certain amount of it will penetrate through

the large (about 15 cm2) observation holes into the annulus (flow deviation), so

that the net mass flow in the coolant channel is reduced. Further the internat

fuel rod pressure of about 0.8 MPa at 400°C (t = 3000s) was large enough to

cause ballooning of the c1addings between 3800s and 3950s. This enhances the

friction at the ballooned section so the amount of flow deviation increases,

reducing the heat transfer and the cooling capacity of the fluid.
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CORA-5

At the eORA-5 bundle, the unheated rod at the central position was replaced

by a PWR-specific abs'1rber rod, so that the bundle has only 8 unheated rods

(s. Figure 2). The axial arrangement of the grid spacer is similar to eORA-2

(s. Table 3). In this test the observation holes were closed by quartz plates so

that no significant flow deviation into the annulus occurred.

In eORA-5 the quartz plates at the ten observation holes prevent a flow devi

ation and reduce the radiation losses. So the steady state mass flow of

about 8 gis argon and about 6 gis steam remains in the coolant channel

resulting in a higher fluid velocity. The internal fuel rod pressure of about 0.5

MPa at 340 oe (t=3000s) was so low that no ballooning occurred, and the clad

dings failed by chemical perforation.

CORA-12

In the bundle of test eORA-12 two unheated fuel rods were replaced by absor

ber rods, to simulated a PWR-specific arrangement of the absorber rods within

a fuel element (FE). Moreover the lower two spacers were exchanged, so that

the Inconel spacer was located below z=O.O m, outside the heated length of the

bundle.

In eORA-12 the injected mass flow of about 8 gis argon and about 6 gis steam

is reduced by a flow deviation into the annulus. The low internal fuel rod pres

sure avoided ballooning so that the c1addings failed by chemical interaction

leading to perforation. During test terminatio, by quenching, a second damage

was established in the bundle.
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3. Method and results of investigation~

Each cross section of the three bundles shows various areas of quite different

oxidation behavior. Therefore, all c1addings at the cross sections have to be

examined to get informations on the extent of the oxidation with respect to sta

tisticso The method of the investigation will be described first, followed by the

results of CORA-2, CORA-5, and CORA-12. In the descriptions of the results of

each bundle, end state of the c1addings, thickness of oxidized layers of the

c1addings, the oxidation behavior of the zircaloy shroud, etc., will be given. The

detailed description of the analyzed cross sections is found in appendix C.

3.1 Method of investigation

The cross sections of the bundles were examined by optical microscope, with a

magnification of up to 1000x. In several cases polarized light was used to dis

tinguish phases.

Ttle axial positions of the horizontal cross sections analyzed for the three tests,

together with brief descriptions of each cross section, are listed in Table 4. In

CORA-2 five polished horizontal cross sections were analyzed, which are

located at elevations of -13, 268, 298, 480, and 870 mm . To allow a comparison

of the CORA-5 test with the CORA-2 test, sampies at relevant elevations have

to be taken, but only polished sampies at 95, 208, 393, 408, and 853 mm were

available. In addition to these five polished sampies, one unpolished sampie at

663 mm was examined in CORA-5o In CORA-12 only two polished sampies at

216 and 533 mm were available, so that the unpolished sampies at 51,381,711,

and 876 mmhad to be used where detailed analyses could not be performed.

Generally the upper surfaces of the sampies were examined, except for the

sampies at -13 mm of the CORA-2 and at 533 mm of the CORA-12 where the

lower surfaces were used.

In order to understand the behavior of the absorber rods and the oxidation of

the c1addings and the shroud, some vertical cross sections of CORA..5 and

CORA-12 were examined in addition to the horizontal cross sectionso
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The results of microprobe analysis on some of these sampies performed at KfK

/5/, /16/ were referred to identify chemical phases.

3.2 Results of CORA-2

3.2.1 Description of the cross sections

The first cross section, located below the heated zone of the bundle at -13 mm,

shows a quite unaffected bundle state with only a few solidified melts on the

zircaloy spacer. The second one (5. Figure 3) is located at 268 mm and gives

informations on the top of the blocked zone formed by solidfied melts. A short

distance above, at 298 mm, no solidified melt but rubble was found on top of the

blockage (5. Figure 4). The c1addings were completely oxidized, consisting of

two parts. One is a columnar structured outer Zr02 layer, which was formed by

oxidation of the c1adding from the outside below the melting point of !X-Zr(O).

The other is an inner oxidized part, which was formed by oxidation of molten

Zry. The cross section at 480 mm reveals that the Inconel grid spacer melted

down completely enhancing the damage of the c1addings locally. The c1addings

were completely oxidized. The cross section at 870 mm can be divided into a

central region (5. Figure 5) with small oxide scates and a corner region of the

bundle near the shroud (5. Figure 7) showing large oxide scales. At this ele

vation the circumferential variation the oj~idation state of the shroud (5.

Figure 8) was investigated.

3.2.2 End stateof the claddings

The final appearance of the test bundle varies significantly evenat the same

elevation. Especially with respect to the evaluation of oxidation profiles the

numbers of reacted or decladed rods have to be taken into account. In order

to discuss the behavior of the bundle, it is important to clarify the end state of

the c1addings.

Figure 9 shows the end state of the c1addings, where the state is c1assified in

four groups: c1ad intact, c1ad missing, c1ad reacted, and clad flowered. At the
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lowest position (-13 mm) all c1addings are intact,but at other elevations

observed the number of the intact c1addings is small. Most of the remaining

c1addings are breache':t and deformed. Especially at the direct environment of

the Inconel spacer nearly half of the c1addings are missing (at 480 mm).

3.2.3 Thickness of oxidized layers on the claddings

As already pointed out, the main interest of this study is the analysis of the

thickness of the Zr02 layer, wh ich has been formed from the outside below the

melting point of e<-Zr(O). It was found that the thickness was not uniform even

at the same fuel rod and at the same axial elevation; the thickness of the outer

Zr02 layer varies circumferentially. Moreover, the mean layer thicknesses vary

from one rod to another at the same elevation.

Figure 10 shows the azimuthai averaged outer Zr021ayerthickness of each rod

as a function of the axial elevation together with the maximum outer Zr02 layer

thicknesses of each rod at the corner positions of the bundle at 870 mm. The

mean layer thickness is distributed widely. For example, at 298 mm elevation,

it varies from 0.24 mm to 0.59 mm.

Table 5 Iists the mean outer Zr02 layer thicknesses and their standard devi

ations at each elevation. No significant difference in the thickness is seen

between the heated rods and the unheated rods.

To evaluate these large variations, the mean outer Zr02 layer thickness of each

rod at 268, 298, 480, and 870 mm are plotted at horizontal cross sections in

Figure 11, together with the clad end state as given in Figure 9.

At 268 mm the c1addings were completely oxidized except for those in the

blocked area. At 298 mm some c1addings were completely lost. The position of

these c1addings was above the blocked area at 268 mm, suggesting that the 1055

of the c1addings was caused by interaction with relocated melt. It is difficult to

generalize the distribution of the layer thickness at these axial elevations, when

the variation of the temperature is assumed to be small over the whole cross

section.

At 480 mm the c1addings of the central part of the bundle were lost except for

one rod, whereas claddings remained at the outer part of the bundle. At
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870 mm the c1addings of the corners of the bundle were oxidized to a great

extent at one side facing the shroud. But in the centraJ part 6f the bundle at this

elevation steam starvation must have occurred.

To assist these post-test investigations, calculations have been performed with

the SCDAP/MOD1 code, which has been extended to handle the special prop

erties of the out-of-pile test CORA /13/. In the calculation the conditions are

more idealized (only outside oxidation considered) than in the experiment, so

that a comparison with measured data could detect special phenomena /17/.

The oxide thicknesses calculated using a rate-Iaw based on correlations show

a maximum thickness of the outer Zr02 layer of 0.4 mm at 0.35 m elevation. Due

to the preceding melt relocation a complete consumption of the Zry stopped the

oxidation, as shown in Figure 12. Atlower elevations, the oxidation is Iimited

due to the low temperatures and stopped by the relocation of the melt which

covers the cladding surface. A comparison of Figure 10 with Figure 12 shows

that the measured oxide layers were thicker than those of the calculation, but

the tendency matches quite weil, ifthe extremely thick oxide scales of the cor

ner rods in the experiment were neglected.

3.2.4 Oxidation behavior of the shroud

In a standard PWR-specific CORA-bundle the surface of the shroud (ca.

0.324 m2 /m) contributes with 28% to the whole Zry surface (ca. 1.2 m2/m).

Assuming double-sided oxidation, this ratio is increased up to 44%, so that the

oxidation behavior of the shroud influences the energy balance to a great

extent.

The oxidation behavior of the Zry-4 shroud was examined at cross sections of

268, 298, 480, and 870 mm elevations. As shown in Table 3, the lower end of the

shroud was located at the 36 mm-elevation, so that there was no Zry shroud at

-13 mm.

At 268, 298, and 480 mm only a small part of the shroud remained after removal

of the fiber insulation. The remnants of the shroud were completely oxidized,

but it was difficult to determine whether the shroud has been oxidized from the
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both sides or from the one side, since the remnants were not large enough for

a detailed examination.

The oxidation behavior of the shroud at 870 mm shows a double-sided oxida

tion. The shroud was completely oxidized at about a quarter of the circumfer

ence of the shroud, whereas at the other part of the shroud some metal

remained. However, the thickness of the Zr02 layer on the outer surface was

more than ten times as thick as that on the inner surface, as shown in

Figure 8.

3.2.5 Cladding deformation

At the axial bundle elevations of 268,298, and 480 mm, most of the c1addings

were breached and deformed. The breaches occurred at one side, typically at

the hot side of the cladding. In the case of the outermost positions of the bundle,

the cladding that faced the center of the bundle represents hot side, besides the

c1adding facing the adjacent heated rod.

Two typical examples showing the edge of the c1adding at breach position are

given in Figure 13. This type of c1adding deformation as shown in the schematic

drawings of Figure 13 has been called "flowering" /5/. The thickness of the out

er Zr02 layer decreased with reaching the edge of the breach. At 298 mm the

inner part of the c1adding seems to have been oxidized after melting. On the

other hand, at 480 mm almost all the material within the outer Zr02 layer is lost.

It was observed that molten material, consisting of Zry with uranium and oxy

gen, penetrated into the outer Zr02 layer, as shown in Figure 14. At 480 mm the

molten material was oxidized immediately, so that the outflow of the liquid was

stopped (Ieft picture). Further it was also found that the c1adding was breached

13 mm below (right picture), on the lower side of the sliced sampie. Through the

transparent epoxy resin it could be seen that both states are linked together as

shown in the schematic of Figure 14. So, two typical states of the outflow of

molten material can be seen within 13 mm.

At 268, 298, and 480 mm one or two c1addings appeared to be intact, as shown

in Figure 15. To detect the c1adding deformation, the diameters of the intact

c1addings were measured and the results are given in Table 6. The c1adding
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shows a circumferential elongation widening the gap between the pellet and the

c1adding. This elongation may be caused by the high inner rod pressure and/or

the volume grawth du€' to the oxidation of the Zry claddings /18/.

The c1adding deformation due to the difference between the internal rod pres

sure and the system pressure has been calculated by the SCDAP code (s. Fig

ure 16). A comparison reveals that the calculated values are smaller than those

observed at 268, 298, and 480 mm (Table 6).

The annular pellet used in the heated rods shown in Figure 15 is a good

example for the crack formation of these CORA-typical pellets. Three cracks

thraugh the whole wall allow a relocation of the fragments after complete failure

of the c1adding, if no fuel-c1adding interaction occurs.

In separate-effect tests to investigate fuel-c1adding interaction in the MONA

facility, no ballooning occurred because the external pressure was up to 4.0

MPa so that the gap between the pelletand the c1adding was closed by the

collapse of the c1adding onto the U02-pellets establishing a good solid-state

contact /7/,/18/. The enlarged gap in the present experiment must have retarded

the U02/Zry interaction compared with the MONA test where the pellets con

tacted the cladding.

These results of the observations have to be considered for discussion of the

basic mechanisms of c1adding deformation.

3.3 Results of CORA-5

3.3.1 Description of the cross sections

The cross section at 95 mm shows intact claddings with very slight oxidation (5.

Figure 17). At the position of the lower blocked zone (at 208 mm), chemical

interactions were found between c1addings, pellets and relocated melts (s. Fig

ure 18). The c1addings were slightly oxidized fram the outside. In the middle of

the blocked zone (at 393 mm), solidified poraus melt blocks some coolant cha

nels (s. Figure 19). The claddings were completely oxidized, consisting of the

outer Zr02 layer and the inner oxidized part. The same situation was found at
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408 mm, just below the inital position of the Inconel grid spacer (5. Figure 20).

The unpolished cross section was analyzed at 663 mm, below the upper Zry grid

spacer, showing breached and deformed c1addings which were completely oxi

dized. At the position of the upper Zry grid spacer (at 853 mm) c1addings, grid

spacer, and pellets must have interacted with each other as weil as with absor

ber material (5. Figure 21). No remaining metallic Zry was detected.

3.3.2 End state of the claddings

Figure 22 shows the end state of the c1addings, c1assified as in the case of

eORA-2; c1ad intact, c1ad missing, c1ad reacted, and c1ad flowered. It can be

seen that up to 208 mm claddings are intact except for one wh ich had reacted

with the melt. Above 393 mm most of the remaining c1addings exhibit flowering.

At 853 mm, position of the upper Zry grid spacer, about half of the c1addings

are missing completely.

3.3.3 Thickness of oxidized layers of the claddings

In Figure 23 the outer Zr02 layer thickness is given for each remaining clad

ding as a function of the axial elevation. Again it was found that the outer Zr02

layer thickness of an individual rod was not uniform at the same elevation. The

mean outer Zr02 layer thicknesses of each rod were also different fromone

another, as shown in Figure 23.

Table 5 lists the mean outer Zr02 layer thicknesses and their standard devi

ations at each elevation. No significant difference in the thickness is to be seen

between the heated rods and the unheated rods.

Figure 24 shows the mean outer Zr02 layer thick.ness of each fuel rod, together

with the various state of the c1addings, plotted at the horizontal cross sections

of 95, 208, 393, 408, and 853 mm. At 95 mm the thickness of the Zr02 layer of the

unheated fuel rods was 4-5 .um and that of the heated fuel rods was 6-7 .um.
At this elevation the temperature was below 750 oe and no temperature esca

lation occurred. Under these conditions the temperature of the heated fuel rods

must have been significantly higher than that of the unheated fuel rads.
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At 208 mm relocated material blocked one corner of the bundle in the direction

of 255°. The thickness of the Zr02 layer of the c1addings at this corner was large

compared with others at this elevation and changed systematically; the thick

ness decreased with rods in the drection of the opposite corner of the bundle

at the orientation of 75°. This systematic change of the thickness may be caused

by the relocated material at the corner which transferred the heat to this ele

vation resulting in an asymmetrie radial temperaturedistribution.

As already pointed out, the cross seetions at 393 and 408 mm elevations show

the same behavior. Here some parts of the coolant channel were blocked by the

relocated material. Outside of the blocked area, the daddings were completely

oxidized. The thickness of the Zr02 layer of the claddings was influenced by the

relocated material which shielded the cladding from the steam.

~ At 853 mm some c1addings were completely lost. The thicknesses of the Zr02

layer of the remnants of the c1addings were also distributed widely. It should

be noted that the thickness of the Zr02 layer at this elevation, the position of the

upper Zry grid spacer, may have been affeeted by the reactions of the Zry

claddings with the Inconel springs of the grid spacer and with the absorber melt

whieh was caught on the grid spacer.

3.3.4 Oxidation behavior of the shroud

The oxidation behavior of the Zry shroud was examined at horizontal cross

sections of 95, 208, 393, and 408 mm elevations and at a vertical cross seetion

from 210 to 290 mm. No shroud remained at the horizontal cross section of

853 mm.

It was found that the shroud was oxidized on both sides. At 393 and 408 mm the

shroud was oxidized completely, whereas metallic parts remained at other

cross sections observed. The thiekness of the Zr02 layer of the shroud showed

axial and circumferential dependency. In almost all cases, the thickness of the

Zr02 layer and the strueture on both the sides were nearly the same, which can

be seen in Figure 25 as a representative example.



- 15 -

3.3.5 Behavior of the absorber rod

At 95 mm, position of lhe intact c1addings, the ss (stainless steel) c1adding of

absorber rod was intact. Molten absorber material containing Zr was relocated

in the annular gap between the ss c1adding and the Zry guide tube. The outer

surface of the Zry guide tube was slightly oxidized, as shown in Figure 26(a).

Figure 26(b) shows the behavior of the absorber rod at 208 mm, the position of

the lower blocked zone. The ss cladding was also intact, but the Zry guide tube

was almost dissolved by molten material. A thin oxide skin kept the molten

material from flowing out.

Beyond 300 mm the absorber rod was destroyed completely. Absorber material

was spread over the whole bundle, influencing the behavior of the claddings.

3.4 Results of CORA-12

3.4.1 Description of the cross sections

The first cross section (unpolished), at 51 mm, shows intact c1addings with very

thin Zr02 layers and some solidified metallic material between the c1addings.

In the center of the blocked zone, at 216 mm, solidified material has blocked

some coolant channels interacting with the claddings (s. Figure 27). The rem

nant of the c1addings, except one c1adding, was completely oxidized consisting

of two parts: outer Zr02 layer and inner oxidized part. Above the blocked zone

(unpolished), at 381 mm, the c1addings were deformed and completely oxidized.

Above the middle Zry grid spacer, at 533 mm, most of the c1addings were relo

cated and the remnants were deformed. Dissolution of U02 and rubble was

found (s. figure 29). Below the upper Zry grid spacer (unpolished), at 711 mm,

most of thecladdings were relocated, so that only the remnant of four c1addings

remained. The remaining c1addings were completely oxidized which consist of

the outer Zr02 layer and the inner oxidized part. Above the upper Zry grid

spacer (unpolished), at 876 mm, the same situation was found as at 711 mm.
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3.4.2 End state of the claddings

In bundle CORA-12 some mechanically broken c1addings were observed, which

were not found in CORA-2 and CORA-5. Figure 30 shows an end state of the

c1addings at each elevation, where the state is classified in the five groups. It is

characteristic in CORA-12 that at 216 mm about one third of the c1addings are

broken mechanically and 9 c1addings are missing completely. At the upper half

of the bundle most of the claddings are missing, which is not seen in CORA-2

and CORA-5 bundles.

3.4.3 Thickness of oxidized layers of the claddings

The mean thicknesses of the outer Zr02 layer of each remaining fuel rod as a

function of the axial elevation are shown in Figure 31. The same tendency was

obtained as in CORA-2 and CORA-5; the outer Zr02 layer thickness of an indi

vidual rod was not uniform at an elevation given, and the mean outer Zr02 layer

thicknesses of each rod were also different from one another. It is characteristic

that the Zr02 layer thickness at 216 mm in CORA-12 is large compared with the

cases in CORA-2 and CORA-5.

Table 5 Iists the mean outer Zr02 layer thicknesses and their standard devi

ations at each elevation. It is found again that no significant difference in the

thickness is to be seen between the heated rods and the unheated rods.

Figure 32 shows the mean outer Zr02 layer thickness of each fuel rod, together

with the various state of the c1addings, plotted at the horizontal cross sections

of 216,381,533,711, and 876 mm. At 216 mm the c1addings were interacted with

the relocated melt, oxidized, or lost completely. The number of the rods with

completely lost c1addings is 9, which is much larger than that at the comparable

cross sections in CORA-2 and CORA-5. This can be found at other elevations,

too. At 533 mm, for example, the number of the rods whose c1addings were

completely lost is 16.
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3.4.4 Oxidation behavior of the shroud

To examine the oxidadon behavior of the Zry shroud, vertical cross sections

from 53 to 201 mm and from 218 to 366 mm were used. No shroud remained at

horizontal cross sections of 216 Emd 533 mm.

On the cross section from 53 to 201 mm, it was found that the shroud was oxi

dized from both sides. The Zr02 layer thickness on the outer surface of the

shroud was nearly the same as that on the inner surface, as shown in

Figure 33(a). The thickness increased from about 2 ,um at 53 mm to 100 ,um at

190 mm. Structure of the oxidized layers on the both surfaces was nearly the

same.

From 85 to 105 mm in the direction of 120°, relocated melt was found on the

outer surface of the shroud, as shown in Figure 33(b). This means that the

contact of the shroud with the fiber insulation was not tight during the test,

indicating that argon gas with steam could have flowed between the shroud and

the insulation.

On the cross section from 218 to 366 mm, most part of the shroud was lost, but

the remnant was oxidized completely. At 381, 711, and 876 mm some parts of

the shroud remained, which were oxidized completely from both sides.

3.4.5 Behavior of the absorber rods

Two absorber rods were assembled in bundle CORA-12, but one of them could

be examined on the vertical cross section.

Up to about 110 mm the 55 cladding and the guide tube kept the melt from

f10wing out. Figure 34 shows an example at about 100 mm, where the 55 clad

ding is intact containing the absorber melt within it. The relocated melt mainly

consisting of absorber material and zirconium is kept between the 55 c1adding

and the guide tube. At around 110 mm the guide tube was breached and the

melt flowed downward.
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Below 270 mm the reloeated melt froze to bloeksome eooling ehannels. Above

270 mm the absorber rod was eompletely destroyed, where some part of the

reacted and deformed ']uide tube remained.
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4. Discussion of the results

In order to extrapolate the CORA test results towards in-core behavior, it is

necessary to c1arify the test conditions and test history. Further, the differences

between CORA-2 and CORA-5 and between CORA-5 and CORA-12 have to be

pointed out.

First of all, the behavior of the CORA-typical heated fuel rads will be discussed

in camparisan with the unheated ones. Secondly, the sequence of phenomena

of each test will be discussed with a special type of diagram containing the

measured data and the results of the video inspections. Then the differences

between CORA-2 and CORA-5, and the influence of the quenching will be dis

cussed, considering the sequence of phenomena and the test conditions. At

last, a mechanism of the cladding deformation will be proposed.

4.1 Behaviar af heated and unheated fuel rads

In the CORA experiments two types of fuel rads were used, the PWR-specific

"unheated fuel rod" (without heat source) and the electrical heated "heater rad"

which heats up the unheatedrad, tao. Therefore it is very important to be

assured that the CORA-typical heated rads behave in the same manner as the

unheated rads.

In bundle CORA-2 no significant difference in the c1adding end state can be

seen between the heated and the unheated rads, except at 480 mm, as shown

in Figure 11. At 480 mm all claddings of the unheated rods are missing, wher

eas the daddings remain in 13 rads out of 16 heated rads. Considering the fact

that the c1addings remained at the rads of the outermost positions of the bundle,

the difference observed at this elevation may be caused by the temperature

difference.

In bundles CORA-5 and CORA-12 no significant difference in the cladding end

state between the two types of the rads can be recognized (5. Figure 24 and

Figure 32).
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Table 5 shows that there is no significant difference in the oxidation behavior

of the c1addings between the heated and unheated rods.

4.2 Sequence of phenomena

In order to establish an. oder of the phenomena, test sequence with the vari

ables of time and axial bundle elevation were drawn for CORA-2, CORA-5, and

CORA-12, which were based on the temperatures measured at the axial bundle

elevations of 0, 150,350,550,750 and 950 mm /2/, /17/, as shown in Figure 35,

Figure 36, and Figure 37, respectively.

These temperature front curves, given in the uppermost part of each test

sequence diagram, show in the horizontal direction the temperature rise at any

axial positions within the bundle, whereas in the vertical direction the axial

temperature gradient can be derived for any time between 3000s and 5700s.

Additionally, these diagrams show the c1adding failure derived fram the inner

rod pressure recordings (dotted areal, and the summary of the melt relocations

observed by the video inspection (dashed areal. Below, in the second part the

fluid composition at the bundle entrance (z = 0 m) is given. The slopes of argon

and steam were computed by a separate model which is based on the data of

the fluid injected into the steam generator and the volume of the whole system

of the CORA facility /17/. Furthermore the electric power input is given. In the

lowest part significant phenomena are outlined.

In these diagrams the measured data of the experiments and the results of the

video inspection are concentrated, allowing an extraction and an interpretation

of the sequence of the phenomena.

4.2.1 CORA-2 bundle

The isothermal diagram for CORA-2 is shown in Figure 35, starting at 3000 s

and ending at 5700 s. The first significant event recognized during the exper

iment was the pressure drop of the fuel rods. The history of the inner pressure

of the fuel rods is shown in Figure 38, which indicates that the pressure drop
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oeeurred between 3900 sand 3950 s in all monitored fuel rads. The maximum

inner pressure was about 0.9 MPa and the system pressure about 0.22 MPa,

indieating apressure c'ifferenee of about 0.7 MPa.

Between 3900 sand 3950 s the fuel rod temperatures were below 1200 °C at any

axial bundle elevations, as shown in Figure 35. Taking the results of ereep

rupture tests in steam atmosphere /19/ into eonsideration, it may be eoncluded

that the meehanieal stresses due to the pressure differenee eaused the rupture

of the slightly oxidized eladding in the high temperature zone (about 1100 °C)

of the bundle between 600 and 700 mm, whieh is marked as dotted area in Fig

ure 35. The same result ean be derived from the analysis of the pressure drop

eurves /17/.

Chemieal interaction of the Ineonel grid spaeer with the slightly oxidized Zry-4

eladding at 450-488 mm may be another meehanism leading to apressure drop

due to the perforation of the eladding. But the temperature at the Ineonel spaeer

was not high enough at the time of the pressure drop, so that a remarkable

euteetic reaetion eould not take plaee /8/. In the lower half of the bundle, at

268 mm and 298 mm, no indieation for a c1adding rupture below the melting

point of Zry-4 (about 1760 Oe) eould be observed in the metallurgieal examina

tion.

After 4000 s the temperatures inereased rapidly especially between 500 and

800 mm due to the exothermal steam/Zry reaction, which eaused a gradual

inerease in the H2 eoneentration in the off-g~s system. The rapid temperature

inerease at the lower part of the bundle was caused by material reloeation.

From the observation of the video tapes, liquefaction of the Ineonel spaeer and

reloeation of malten material were reeognized, marked as dashed area in Fig

ure 35. The melting point of Ineonel is about 1450 °c, but the liquefaetion must

have oeeurred below the melting point as a result of euteetie reactions of nickel

and iron with zireonium /5/.

Aeeording to the metallurgical examination, the inner part of the eladdings at

268, 298, and 480 mm was oxidized above the melting point of Zry-4. This fact

indieates that the c1adding deformation (flowering) oeeurred not before

4100-4300 s. The strueture of the outer Zr02 layer derived from the metallurg

ieal examination indieates that it must have beenformed below the melting

point of e<-Zr(O).
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Further, a thin oxidized layer was formed on the Zry-4/U02 reaction product at

870 mm, indicating that steam starvation must have occurred. Since the reaction

occurred around melting point of Zry, this oxidation took place after about

4500-4600 s.

At the lowest part of the bundle (-13 mm) the temperature was always below

1000 oe, except for the hot spots caused by the relocated material, leading to

a formation of the thin oxidized layers of Zr02/a-Zr(O) on the c1addings.

4.2.2 CORA-5 bundle

In the same way as for eORA...2, an isothermal diagram, given in Figure 36, was

established for eORA-5. It can be recognized that the temperature profile and

the melt relocation observed in eORA-5 are quite different trom those in

CORA-2 shown in Figure 35.

In CORA-5 the drop of the fuel rod pressure occurred between 4100 5 and

4150 5, as can be seen in Figure 36. The inner pressure of the rods was about

0.5 MPa and the system pressure was about 0.22 MPa at c1ad failure, as shown

in Figure 39, and the maximum fuel rod temperature at cladding failure was

about 1500 oe at around 800 mm.

The failure pressure difference was smaller and the failure temperature was

higher in CORA-5 than those in eORA-2. Since the c1adding failure occurred

before the observation of melt relocation, it may be concluded that the inter

action of Zry c1addings with the Inconel springs at the upper Zry grid spacer

caused the c1adding failure /20/.

The melting point of the absorber material, the (Ag,ln,Cd) alloy, is about

800°C /11/, so that the absorber materialstarted melting at about 3700 5

between 500 and 800 mm, according to the 800 oe isothermal line in the dia

gram. As the interaction of the 55 c1adding with molten absorber material is

negligible at all /11/, the molten alloy is kept in the 55 c1adding until it fails

mechanically.

Two mechanisms are Iikely for the 55 c1adding failure: oneis the melting of 55

at about 1450 oe with the Zry guide tube intact, and the otherone is the eutectic

interaction of 55 with the Zry of the guide tube above 1200 °C where the Zry
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guide tube fails first (perforation) and the ss cladding ruptures at the position

of the interaction due to the high inner rod pressure /11/.

During the temperature escalation due to the exothermal reaction between

steam and Zry, melt relocation was observed above 1500 °C. This indicates that

the 55 c1adding failed. Since the absorber ma:terial was spread radially as weil

as axially, the 55 c1adding may have failed by the laUer mechanism, the eutectic

interaction of 55 with Zry. If the 55 cladding melts where the Zry guide tube is

intact, the guidetube would keep the low-viscous absorber melt and no spray

of the absorber melt should be observed.

According to the metallurgical examination, the absorber rod was completely

destroyed above 300 mm elevation. The isothermal diagram shows that the

temperature was beyond the melting point of 55 (about 1450 °C) above this ele

vation.

Around 200 mm elevation the maximum temperature was about 1000 °c, which

is higher than the melting point of the absorber material, where the Zry guide

tube was dissolved by the molten absorber material. On the other hand, 100

mm below, the maximum temperature was lower than the melting point of the

absorber material, so that the Zry guide tube was almost intact though it was

contacted by the absorber material.

Interaction of the Inconel grid spacer with the Zry c1addings and subsequent

melting with relocation occurred around 4300'5. Up to this time the spacer acted

as obstacle for relocated melt which refroze there.

In the upper part between 400 and 900 mm the maximum temperature was

beyond the melting point of ex-Zr(O), so that the c1addings were breached,

deformed (f1owering), and completely oxidized. As mentioned above, the maxi

mum temperature was lower than 1000 °C below 200 mm, where the c1addings

were oxidized slightly trom the outside and most of the claddings were

mechanically intact.

4.2.3 CORA-12 bundle

The isothermal diagram for CORA-12 is shown in Figure 37. It can be seen that

in the heat-up and escalation phases the temperature profile and the melt relo-
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cation observed in CORA-12 are nearly the same as those in CORA-5. The test

CORA-12 was ended by quenching, so that the behavior of the bundle in the

cool-down phase was C"Juite different from that of CORA-5.

In CORA-12 the drop of the fuel rod pressure occurred between 4080 5 and

4150 s. The inner pressure of the fuel rods and the system pressure at the

cladding failure were about 0.35 and 0.22 MPa, respectively. The maximum fuel

rod temperature at c1adding failure was about 1500 °C between 700 and

800 mm. The pressure difference and the temperature at cladding failure in

CORA-12 were nearly the same as those in CORA-5, indicating the same

mechanism of the cladding failure, the chemical interaction of the Zry c1addings

with the Inconel springs at the upper Zry grid spacer.

As discussed in section 4.2.2, the absorber material melted at about 800°C, kept

inside the 55 cladding until it failed. The 55 claddings reacted with the Zry guide

tubes above 1200 °C, resulting in breaches of the Zry guide tubes ahd the fail

ure of the 55 c1addings with the spray of the absorber melt. During the temper

ature escalation, the melt relocation wasobserved above about1200 °C.

Above 270 mm the maximum temperature was higher than the melting point of

55 (about 1450 °C), resulting in a complete destruction of the absorber rods as

observed in the metallurgical examination.

According to the metallurgical examination, the claddings between 381 mm and

876 mm, where the maximum temperature was beyond the melting point of Zry,

were breached, deformed (flowering), and completely oxidized. The shroud in

this region was also completely oxidized. It can be concluded that the oxidation

of the c1addings and the shroud in this region was completed at the end of the

escalation phase as already observed in test CORA-5. The temperature profiles

and the melt relocations observed were nearly the same as those in the test

CORA-5.

According to the isothermal diagram, at around 200 mm the maximum temper

ature was lower than 1000 °c in the escalation phase, which is the same as in

the case of the test CORA-5. It can be assumed that at the end of the escalation

phase the claddings around 200 mm in CORA-12 were mechanically intact and

the metallic part of the c1adding remained inside the c1addings, since: the clad

dings at around 200 mm in CORA-5 were slightly oxidized and most of them

were mechanically intact.
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During the quenching, when the bundle was cooled down by rising water from

the boUom of the bundle, H2 concentration in the off-gas system increased

sharply, as shown in I=igure 37, indicating rapid oxidation. The temperatures,

for example at 1250 mm, also increased sharply, as shown in Figure 40.

The c1addings, which were brittle due to the oxidation, were cracked by thermal

shock and vibration of the rads due to .the reflood. The metallic part of the

remaining claddings at around 200 mm was exposed to steam, resulting in rapid

oxidation and the temperature increase. The additional oxidation during

quenching can be seen at araund 200 mm in the axial profile of the oxide layer

thickness, comparing with the case of CORA-5 as shown in Figure 41.

The c1addings above 1000 mm, which must have been oxidized only slightly

before the quenching, were oxidized rapidly by high temperature steam and the

temperature was escalated. The copper electrade used above 1.25 m may have

melted (the melting point of Cu is 1083 °C) and relocated downward. Melt relo

cations were observed in the upper part of the bundle by video inspections in

the cool-down phase. The relocated melt was also observed at the crass sec

tions of 711 and 876 mm by metallurgical examination.

The rapid oxidation and the temperature escalation were stopped by the rising

water level of the quench tank.

4.3 Influence of test conditions

The final states of all bundles, described in section 3, are different fram each

other. The influence of the different test conditions such as initial and boundary

conditions as weil as the test termination on the final state will be discussed in

the following section.

4.3.1 Initial and boundary conditions

A camparisan of the final states of CORA-2 and CORA-5 is given Figure 42,

which shows areas of horizontal cross sections . /14/ tagether with the end

state of the claddings observed metallurgically in the present examination. The
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differences between CORA-2 and CORA-5, given in Figure 42, with respect to

the oxidation of the c1addings and the axial material distribution will be dis

cussed in the followinr.

In CORA-2, local steam starvation occurred at the elevation around the upper

Zry grid spacer and the molten Zry/U02 reaction product contributed to the

damage progression of the bundle. Below the Inconel grid spacer, Inconel/Zry

interaction mainly dominated to the damage progression in this region.

On the other hand, in CORA-5, no steam starvation occurred. The absorber

material, spread over the whole bundle, mainly contributed to the damage pro""

gression. The range of intact cladding was larger in CORA-5 than in CORA-2,

which resulted from the differences in the axial temperature profile.

To investigate the differences in the bundle end state mentioned above, the test

conditions and the damage scenarios Were compared. In Figure 43, the differ

ent initial and boundary conditions are Iisted on the left side, together with their

interactions during the test up to the end.

Inner rod pressure

Generally, the c1adding failure mechanisms are governed by the internal fuel

rod pressure and the system pressure. If the internal pressure is high enough

compared to the system pressure, the cladding balloons and ruptures. The

rupture time depends on the total pressure difference and the thickness of the

oxide scales. If the pressure difference is re.rersed, a collapse of the c1adding

onto the fuel pellets occurs enhancing the dissolution of the fue!.

In CORA-2 the c1addings ballooned and ruptured mechanically, whereas in

CORA-5 the claddings failed by chemical interaction, as already discussed in

section 4.2. The ballooning of the c1adding causes a reduction of the effective

coolant channel causing an orifice-like cross section which then influences the

flow pattern of the fluid. Due to the increase in friction, apart of the fluid tends

to bypass the coolant channel (through the observation holes and flow in the

annulus between the shroud and the HTS).

Absorber rod

The absorber rod represents a source of low-melting oxidation resistant mate

rial which is spread over the bundle. As shown in Figure 35 and Figure 36, the
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melt relocations observed in CORA-2 and in CORA-S started at different axial

elevations. In CORA-2 melt relocation was observed only below the Inconel

grid spacer (z<O.S m), whereas in CORA-S it was observed below z",0.9 m.

The first relocation phenomena observed in CORA-S were droplets of absorber

material at 41S0 s as shown in Figure 36. Though the original absorber rod

cannot be seen direct\y by the video cameras (Figure 2), the droplets must have

been sprayed over several rows of rods due to the high internal pressure within

the absorber rod.

Observation holes (windows)

As described in section 2, observation windows were open in CORA-2 and

closed by quartz glass in CORA-S. In the case the windows are open, argon gas

can flow out of the bundle into the annulus. This bypass f10w influenees the axial

temperature profile of the bundle. If the bypass ratio is enlarged, Le. reduction

of the coolant ehannel cross section, the flow is split into the channel flow (<:70

%) and a bypass flow (~30 %). Therefore, the heat transfer in the bundle is

reduced allowing a faster heat up because the heat transfer to the fluid is

reduced. Argon f10w rate also influences the axial temperature profile since

eooling capacity is also dependent on the argon f10w rate.

Fluid composition

Asean be seen in Figure 3S and Figure 36, the temperature of the lower part

of the bundle in CORA-2 was higher than that in CORA-S. The highest temper

ature region was around 600 mm in CORA-i.. and around 700 mm in CORA-5.

The difference in the temperature profile between CORA-2 and CORA-5 may be

caused by the effects of the bypass flow and the different argon flow rates.

The different bundle end states observed are mainly caused by the different test

conditions: the high inner rod pressure in CORA-2, the large observation holes

in CORA-2,and the absorber rod in CORA-S.

4.3.2 Influence of quenching

Axial temperature profile and melt relocations observed in test CORA-12 before

the cool-down phase were nearly the same as those in test CORA-S. It is ade

quate to compare the two tests to discuss the influence of the quenching.
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During quenching rapid increase of H2 concentration in the off-gas and the

temperature escalation were observed, as shown in Figure 37 and Figure 40,

respectively, indicatino a rapid exothermal steam/Zry reaction.

In order to c1arify which parts of Zry were oxidized during the quenching, the

oxidation profiles of tests CORA-5 and CORA-12 are compared (s. Figure 41).

In CORA-5 below 200 mm the claddings were intact and were oxidized slightly

with the metallic parts inside the cladding. Above 400 mm the c1addings were

breached, deformed (f1owering), and completely oxidized (s. Figure 42, boUom).

In CORA-12 even at 216 mm the c1addings were oxidized completely, except for

a small part of the c1adding at one corner of the bundfe. The thickness of the

outer oxide layer at 216 mm in CORA-12is much larger than that at 208 mm in

CORA-5. The thicknesses of the outer oxide layer at other elevations, except for

the highest position, are nearly the same between those in CORA-12 and

CORA-5, as shown in Figure 41.

It should be noted again that in CORA-5 at 853 mm elevation the thickness of the

outer oxide layer may have been affected by the reactions of the Zry claddings

with the Inconel springs of the grid spacer and with the absorber melt which

was caught by the grid spacer. The position of 876 mm in CORA-12 was above

the upper Zry grid spacer.

Assuming the bundle end state of CORA-5 as an intermediate bundle state of

CORA-12 just before the quenching, it can be concludedthat the additional

oxidation took place at around 200 mm wherl..! themetallic parts of the claddings

remained. This assumption does not stand apart from the real state, because

the temperature profile and the melt relocations observed are nearly the same

between tests CORA-5 and CORA-12.

Comparing the end state of the claddings in CORA-12 (Figure 30) with that in

CORA-5 (Figure 22), it can be seen that in CORA-5 below 400 mm all claddings

remained, whereas in CORA-12 some of the claddings were completely lost. For

the fuel pellets, Nagase /14/ examined the axial profiles of the remnants of the

pellets, which are shown in Figure 44. It can be seen again that in CORA-5

below 400 mm most of the pellets remained, while in CORA-12 some of the pel

lets were lost. These facts indicate that during quenching the claddings, which

were brittle due to the oxidation, were broken mecha~ically, resulting in the

exposure of the metallic parts of the c1addings to steam together with the frag-
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mentation of the pellets. These fresh metallic surfaces were oxidized imme

diately, so the oxidation region was extended axially to lower elevations.

It cannot be excluded that due to the high temperatures above 1.0 m additional

hydrogen could have been produced, but this is outside the heated zone of the

bundle and cannot be checked further because no cross sections are available.

4.4 Mechanisms of cladding deformation

So far two different types of mechanisms leading to c1adding deformations were

found in the high temperature region of the three analyzed bundles.

4.4.1 Deformation due to high inner rod pressure

At temperatures below 1100°C a high inner rod pressure leads to ballooning

with subsequent rupture of the c1adding. This process starts with a slight cir

cumferential elongation over nearly the whole length of the rod, widening the

gap between pellet and c1adding. Then the cladding balloons in the hot region

of the rod until it ruptures due to mechanical stress at the hottest azimutal

position. This rupture releases the fill-gas of the rod so that the pressure curves

(s. Figure 38) show a sudden drop down to the system pressure. The balloon

ing, which is already weil understood 119/, 124/, was observedin test CORA-2

and dominates the early failure of the c1addings.

This mechanical deformation, however, cannot lead to such strong deformations

of the claddings which were observed in all three tests, because the cladding

cross section remains quite cylindrical and no flattening occurs.

4.4.2 Deformation due to chemical interactions

A mechanism to explain the observed flattening of the cylindrical claddings is

the chemical interaction between the inner still metallic surface of the zircaloy

c1adding and steam.
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Oxidation of the inner surface

One possible mechanism is based on the double sided oxidation of the c1ad

dings below the melting temperature of ß-zircaloy /5/. When the c1adding rup

tures due to a high inner rod pressure and the fill gas has pured out, steam can

diffuse thraugh the breach. The subsequent oxidation of the inner metallic sur

face of the c1adding leads to e<-Zr(O) and Zr02 which creates compressive

stresses. These stresses were reduced by a bending of the c1adding which

increases the size of the breach. A larger breach allows a better access of the

steam, so that the oxidation continues until the whole inner surface is oxidized

/6/.

Oxidation of molten zircaloy

Ta explain the c1adding deformations found in the metallurgical observation of

this report another mechanism will be proposed. The mechanism is divided into

six steps, which are given in the schematic representation of Figure 45. An

annular gap of about 50,um between the U02 pellets and the Zry-4 c1adding is

assumed for starting conditions (step 1). The model will not distinguish

between heated and unheated rads because they have the same dimension of

the annular gap between pellet and c1adding.

At elevated temperatures in steam atmosphere, the Zry-4 c1adding is oxidized

fram the outside only as long as the c1adding is intact. Then reactian layers of

Zr02 and e<-Zr(O) are formed ( step 2), causing a volume increase due to the

oxidation of the Zry-4. This creates a tensile stress at the outer surface of the

oxidized cladding and a compressive stress elt the inner surface of the oxidized

layer.

When the temperature rises up to the melting point of Zry-4 (about 1760°C), the

inner still metallic part of the c1adding melts. Assuming a circumferential tem

perature variation, the Zry-4 melts at the hot spot first. Then the gap between

fuel and cladding is filled with liquid Zry (step 3).

The liquid metal reacts with the oxidized cladding reducing the layer thickness

locally, since the diffusivity of oxygen in the just molten Zry is several times

larger thanthat in Zr02 /21/. In this step it is not necessary to assume steam

starvation /21/. Some part of the U02 is also dissolved by the liquid metal

(step 4). 80th dissolution pracessses increase the oxygen concentration of the

melt so that the melting temperature rises too.
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The locally thinned oxidized layer ruptures due to the mechanical stresses in

the oxidized layer. Some parts of the liquid metal flow out forming voids

(step 5) (e.g. Figures 1(b), 20(a),(b)). The breach of the c1adding allows steam

to contact locally the inner metallic surface of the c1adding. Oxidation of the

inner metallic part and the mechanical stresses created in the outer oxidized

layer lead to c1adding deformation, called Iffloweringlf (step 6).

Step 6 shows the final state of the f1owering. This type of deformation is

observed as shown in Figure 13(a). In the extreme case, Le. at high temper

ature when the viscosityof the liquid is very low, almost all inner metallic melt

flows out at step 5 A typical representation of this state can be seen in

Figure 13(b).

As already pointed out, a circumferential temperature variation causes the

flowering above the melting point of (X-Zr(O). In power plants the flowering

would occur, if the cladding temperature varies circumferentially. Actually,

some claddings flowered probably by such a mechanism were observed in in

pile tests /22/, /23/.
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5. Summary

With the present study the series of post-test investigations focussed on agIobaI

description of the tests CORA-2, CORA-5, and CORA-12 is complete.

Main interests of the present study are the interpretation of the oxidation

behavior of the Zry-4 c1addings and the shroud, as weil as the explanation of the

high-temperature cladding deformations observed in all CORA tests. Therefore,

cross sections of the three CORA bundles were examined with optical micro

scope. To explain the different bundle end states, a sequence of phenomena

was created for each test, so that a temporal and axial location can be given for

each phenomenon observed. Taking into accountthese sequences of phenom

ena, the discussion of the results of the metallurgical examination leads to the

following conclusions:

•

•

•

The thickness of the Zr02 layer formed on the outer surface of a Zry-4

c1adding is dependent on not only the axial elevation but also on the cir

cumferential positions. Moreover, the mean layer thickness also varies from

one rod to another with a standard deviation of about 20 % at an axial ele

vation given.

The sequence of the phenomena for CORA-2, CORA-5, and CORA-12 could

be explained using special test sequence diagrams which compiles all

informations available during test. With these diagrams the differences

between CORA-2 and CORA-5 as well as between CORA-5 and CORA-12

were qualified and their influences on the bundle end state were estimated.

The differences in the bundle end state between CORA-2 and CORA-5 were

mainly caused by the effect of the absorber rod, thermohydraulic boundary

conditions, and the design of the observation holes (windows). Therefore,

the most dominant mechanisms of damage progression of the bundle were

different, too. In CORA-2, besides the Zryllnconel interaction, molten

Zry/U02 interaction around the upper zircaloy grid spacer contributed to

the damage progression. In CORA-5, absorber materials were spread over

the whole bundle initiating the damage progression of the fuel rads.
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• The differences in the bundle end state between CORA-5 and CORA-12

were discussed in terms of the influence of quenching. The number of the

rads with compleh:'ly lost c1addings in CORA-12 was much larger than that

in CORA-5, where the test was ended without quenching. The axial distrib

ution of the thickness of the outer Zr02 layer showed that additional oxida

tion took place around 200 mm and above 1000 mm elevations during

quenching.

• The mechanisms of the cladding deformation were discussed. To explain

the deformations ("floweringl/) observed in all analyzed tests a new model

was praposed. According to this model, the flowering occurs above the

melting point of Zry-4 under a circumferential temperature distribution. At

the hottest position the outer oxidized layer is thinned locally by the liquid

metal from the inside, ruptures due to mechanical stresses and deforms

due to oxidation of metallic liquid.

With the combination of the measured data compiled in the test sequence dia

grams and those of the post-test investigation a gobal interpretation of the

CORA experiments can be carried out. This interpretation can qualify the influ

ence of single effects such as ballooning, rupture and deformation of the c1ad

ding on the global bundle behavior. Since the I/floweringl/ influences the energy

release due to an increase of c1adding surface single effect tests are necessary

to quantify this additional release.
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Appendix C. Detailed discription of the cross sections

CORA-2

1. At -13 mm: Position of the lower Zry grid spacer

The c1addings were oxidized very slightly fram the outside only. Reaction

layers of Zr02/lX-Zr(O) were observed. The thickness of Zr02 was about

5 ,um and that of lX-Zr(O) was about 4 ,um. Interaction of Zry claddings with

U02 pellets was not observed at the inner surface of the c1addings. At same

positions, malten material was relocated from the upper part of the bundle

which refroze on the Zry grid spacer.

2. At 268 mm: Top of the blocked zone (solid melt)

Relocated malten material mainly consisting of (U,Zr,O) /5/ refroze in the

center of the bundle and blocked the inner cooling channels, as shown in

Figure 3. It does not appear that the relocated material is poraus, and it

contains only a few cracks.

At the unblocked area most of the claddings were breached and deformed.

The claddings were completely oxidized, consisting of two parts. One is a

columnar structured outer Zr02 layer, which was formed by oxidation of the

cladding fram the outside below the melting point of lX-Zr(O). The other part

is an inner part of Zr02 (and (U,Zr)02), which was formed by oxidation of

malten Zry.

At the blocked area, the c1addings were not completely oxidized. The relo

cated malten material must have shielded the cladding fram being exposed

to steam. The inner parts of the claddings remained mainly metallic. Inter

action of c1addings and U02 pellets with the relocated material was

observed at same parts of the blocked area.

3. At 298 mm: Just above the blocked zone (rubble)

Most of the c1addings were breached and deformed. The c1addings of the

analyzed rads were completely oxidized. The oxidation behavior was the

same as that of the unblocked area at 268 mm: the outer Zr02 layer, formed

from the outside below the melting point of lX-Zr(O), and the inner part, due

to the steam access above the melting point of Zry-4.
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No relocated molten material was observed. But rubble, which had formed

during the cool-down phase, accumulated in the space between the clad

dings, as shown in Figure 4. A drastic change in material relocation

behavior, from the relocated molten material at 268mm to the rubble at 298

mm, has been observed.

4. At 480 mm: Position of the Inconel grid spacer

No part of the InCbnel grid spacer remained. It must have completely relo

cated due to liquefaction during the escalation phase between 4000 and

4300s.

The c1addings at the central part of the bundle were almost lost. At the

outermost rod positions facing the shroud, the claddings were completely

oxidized. Most of them were breached and deformed.

Figure 5 shows typical examples of oxidized claddings at 480 mm. In the

case of Figure 5(a), only outer Zr02 layer remained, where the tl-Zr(O) as

weil as an unoxidized part appears to have melted and f10wed downward

leaving behind the outer Zr02 layer. In Figure 5(b) a small amount of the

inner oxidized part remained. It appears that first the inner unoxidized part

melted and relocated. Then theresidual tl-Zr(O) layer was oxidized from the

both sides. This indicates that the temperatures must have been different

between the two cases when the c1adding failed.

5. At 870 mm: Position of the upper Zry grid spacer

Oxidation behavior of Zry at this elevafion was quite different from that

already observed at 268, 298, and 480 mm. Here two different regions could

be distinguished: central region and corner region. In the central region

most of the c1addings and the grid spacer reacted with U02 pellets and

some of the pellets were completely relocated in solid state, as shown in

Figure 6. It can be concluded that the reaction occurred around the melting

point of ß-Zry. A thin oxidized layer was formed on the c1addings and the

grid spacer after the reaction, which can be seen in Figure 6.

In the corner region the c1addings of the rods were oxidized to a great

extent from the outside, but only at positions facing the shroud. The thick

ness of the Zr02 layer changed circumferentially, as can be seen in

Figure 7(a). Here the Zry grid spacer remained between the fuel rod and

the shroud. The surlace of the grid spacer, facing the fuel rod, w.as oxidized
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remarkably compared with the other surface facing to the shroud, as shown

in Figure 7(b). One reason may be that fluid with steam must have flowed

between the fuel rC'd and the grid spacer.

Figure 8 shows the oxidation behavior of the shroud. At about three quar

ters of the circumference of the shroud fram 1650 to 3600 and fram 00 to

750
, the thickness of the Zr02 layer of the outer surface of the shroud was

more than ten times as thick as that of the inner surface. This indicates that

coolant of argon containing steam flowed mainly outside of the shraud. This

may be a reason why most of the claddings were oxidized only slightly at

this elevation. On the other hand, the shroud was completely oxidized at the

rest of its circumference.

To explain this, a c10ser look at the shraud configurationis necessary. At

each corner, the shroud had windows for the video cameras at each

100 mm step, as shown in the schematic of Figure 8. At the azimuthai angle

Of 1200 the shraud had four windows at 200, 400, 600, and 800 mm ele

vations. The strange oxidation behavior at this elevation may be caused by

a diversion of the fluid at lower elevations. The steam content of the fluid in

the coolant channel was reduced due to the Zr/steam reaction in the hot

center of the bundle. The fluid in the annulus passes the hot center without

consumption of steam, so that enough steam is available in the highest part

of the heated zone.

CORA-5

1. At 95 mm: Position of the intact claddings

The c1addings analyzed were oxidized very slightly fram the outside form

ing reaction layers of Zr02/(X-Zr(0), as shown in Figure 17(a). The thickness

of the Zr02 layer was 4"'5 .um on the unheated rods and 6,....,7 .um on the

heated rods. The c1addings were mechanically intact and not deformed. No

interaction was observed between the pellets and the c1addings. A small

amount of relocated metallic material was observed on the outer surface of

the c!addings, .as shown in Figure 17(b). The Zr02 layer of the c1adding

protected the Zry c1adding fram an interaction with relocated molten

metallic material.

2. At 208 mm: Position of the lower blocked zone
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The c1addings were slightly oxidized from the outside. In some fuel rods

molten material had relocated into the gap between the c1adding and the

pellet, and interarted with Zry and U02, as can be seen in Figure 18(a).

Some parts of the fuel rod surface were attacked by relocated metallic

material from the outside, and an oxide layer was formed on the relocated

melts, as shown in Figure 18(b). Although some c1addings were attacked

from the outside, they were not breached and remained mechanically intact.

3. At 393 mm: Position of the middle blocked zone

Some coolant channels were blocked by relocated material which shows a

lot of pores due to shrinking effect of melts withih an already solidified

matrix. In general, however, flowering occurred and the c1addings were

oxidized completely. The cladding consisted of the outer Zr02 layer and the

inner oxidized part, as shown in Figure 19. Such an oxidation behavior was

observed at bundle CORA-2, too. Some inner metallic parts melted and

flowed downward forming voids between Zr02 and U02.

4. At 408 mm: Be/ow the Inconel grid spacer

The same situation as at 393 mm was found at 408 mm. Refrozen porous

material blocked some coolant channels, and the c1addings were oxidized

completely and consisted of two parts, outer Zr02 and inner oxidized part,

as shown in Figure 20. Figure 20(b) indicates that the thickness of the outer

Zr02 layer was not uniform on the circumference and that the c1adding was

breached and deformed (flowering). The thickness of the c1adding

decreased with reaching the edge of the breach where only the inner oxi

dized part remained.

5. At 663 mm: Be/ow the upper Zry grid spacer (unpolished)

The remaining c1addings were breached and deformed (flowering) and were

oxidized completely. The oxidized c1addings consisted of the two parts, the

same as described above. One third of the claddings were missing com

pletely.

6. At 853 mm: Position of the upper Zry grid spacer

The c1addings were breached and some parts of c1addings, grid spacer, and

pellets were relocated. The remnants of the c1addings and the grid spacers

were oxidized completely. It appears that the c1addings, grid spacer, and
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pellets interacted with one another as weil as with absorber material, as

shown in Figure 21. No remaining metallic Zry has been detected.

CORA-12

1. At 51 mm: Above the Inconel grid spacer (unpolished)

All c1addings were intact. It was very difficult to measure the Zr02 layer

thickness of the c1addings and the shroud, since the sampie was not pol

ished and the layer was very thin. The Zr02 layer thickness obtained at

some c1addings was 2-4 pm. A small amount of relocated material, which

appeared metallic, refroze between the c1addings.

2. At 216 mm: Center of the blocked zone

Relocated material blocked same coolant channels. The claddings at the

blocked area interacted with relocated melt, as shown in Figure 27(a). The

oxidized layer was formed around the melt. Most of the claddings at the

other area were broken and lost at this elevation. The c1addings appeared

to be mechanically broken, as shown in Figure 27(b). This phenomenon is

different from the cladding deformation (flowering) observed in the CORA-2

and CORA-5 bundles. The remnant of the claddings, except one cladding

of the corner rod in the direction of 165°, revealed that the c1addings were

oxidized completely and that they consisted of two parts: outer Zr02 layer

and inner oxidized part, as shown in Figure 28(a). Same inner part flowed

downward leaving a void. The inner metallic part of the cladding remained

only in the corner rod in the direction of 165°, as shown in Figure 28(b).

3. At 381 mm: Above the blocked zone (unpolished)

The flowering occurred and the c1addings were oxidized completely. The

oxidized c1addings consisted of the outer Zr02 layer and the inner oxidized

part. No metallic part of the c1addings remained. A small part of the shroud

remained, which was oxidized completely.

4. At 533 mm: Above the middle Zry grid spacer

Most of the c1addings were lost at this elevation. Parts of the c1adding

remained only at the outermost position of the bundle. Flowering occurred

and the claddings were oxidized completely consisting of two parts, as

mentioned above. Same U02 pellets interacted with the relocated melt

resulting in a 1055 of U02, as shown in Figure 29(a). Although only a small
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amount of relocated melt was observed at this elevation, rubble, which

mainly consisted of U02, accumulated at the center of the bundle cross

section. A typical example is showh in Figure 29(b).

5. At 711 mm: Below the upper Zry grid spacer (unpolished)

Most of the c1addings were lost at this elevation. Only the remnant of four

c1addings remained. Theflowering occurred and the claddings were com

pletely oxidized, consisting of an outer Zr02 layer and an inner oxidized

part. In the case of the unheated rods, most of the pellets were lost as weil

as the claddings. A small amount of relocated material, which appeared

metallic, is found between pellets and c1addings of the heated rods.

6. At 876 mm: Above the upper Zry grid spacer (unpolished)

The appearance observed at this elevation is similar to that at 711 mm. Most

of the c1addings were lost, and the remaining c1addings were oxidized

completely. The oxidized c1addings consisted of the two parts as described

at 711 mm. Two c1addings were mechanically intact and the others were

breached and deformed (flowering). A small amount of probably metallic

relocated material was observed mainly between pellets and claddings of

the heated rods. The remnant of the shroud was completely oxidized.



- 43 -

Appendix D. Tables

CORA TEST MATRIX (status: Januar 1991)

Max.

Test Cladding Absorber Other Date of

Nr. Temp. Material Test Conditions Test

2 -2000°C --- U02-Reference Test, Inconel Spacer 06.08.1987

3 "'2400°C --- U02-High Temp., Inconel Spacer 03.12.1987

5 -2000°C Ag,ln,Cd (1) PWR Absorber Rod 26.02.1988

12 -2000°C Ag,ln,Cd (2) Quenching, Zry Spacer 09.06.1988

16 "'2000°C B4C (1 ) BWR Absorber, Reference 24.11.1988

15 "'2000°C Ag,ln,Cd (2) High Fuel Rod Pressure 02.03.1989·

17 "'2000°C B4C (1 ) BWR, Quenching 29.06.1989

9 "'2000°C Ag,ln,Cd (2) High System Pressure ",1.0 MPa 09.11.1989

7 <2000°C Ag,ln,Cd (5) 57 Rod Bundle, predef. Test-Stop 22.02.1990

18 <2000°C B4C (1) 59 Rod B' Indle predef. Test-Stop 21.06.1990

13 "'2000°C Ag,ln,Cd (2) ISP-31, Quenching at very high 15.11.1990

Temperatures (s. CORA-12)

29 "'2000°C Ag,ln,Cd (2) PWR specific Pre-Oxidation in 1991

31 "'2000°C B4C (1 ) Siow Heat-up ",0.3 K/s in 1991

Table 1. CORA Test Matrix I: experiments perfarmed so far and further tests up

ta 1991

Standard test conditians: initial heat-up rate ca. 1.0 K/s, Argon mass flux:

8 gis, Steam mass flux: PWR: 6.0 gis, BWR: 2.0 gis, Quench rate (fram

baUom) ca. 0.01 m/s
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Further Tests

(are plarmed to be performed in test facility CORA-li)

Max.

Test Cladding Absorber Other Date of

Nr. Temp. Material Test Conditions Test

28 ",2000°C B4C (1) BWR specific Pre-Oxidation > 1992

30 ",2000°C Ag,ln,Cd (2) slow Heat-up ",0.3 K/s > 1992

10 ",2400°C Ag,tn,Cd (2) H20-Level in the tower part

of the bundte

27 ",2400°C B4C (1) H20-Levet in the tower part

of the bundle

25 ",2000°C B4C (1 ) System Pressure ",1.0 MPa

26 ",2000°C B4C (1 ) fast Heat-up, Quenching

24 ",2000°C B4C (1 ) Steam-rich, Quenching

32 ",2000°C Ag,ln,Cd (2) Quenching fram the top

Table 2. CORA Test Matrix 11: further tests in the replaced facility (CORA-II)

Standard test conditions: initial heaLup rate ca. 1.0 K/s, Argon mass flux:

8 gis, Steam mass flux: PWR: 6.0 gis, BWR: 2.0 gis, Quench rate (from

bottom) ca. 0.01 m/s
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CORA-2 CORA-5 CORA-12

Rod heated: 16 16 16

unheated: 9 8 7

absorber: 0 1 2

Pellet heated: annular annular annular

(U02) outer diam.: 9.1 mm 9.1 mm 9.1 mm

innerdiam.: 6.1 mm 6.1 mm 6.1 mm

unheated: solid solid solid

outer diam.: 9.1 mm 9.1 mm 9.1 mm

Cladding outer diam.: 10.75 mm 10.75 mm 10.75 mm

(Zry-4) thick.: 0.725 mm 0.725 mm 0.725 mm

length: 2175 mm 2175mm 2175 mm

Heater diam.: 6 mm 6 mm 6 mm

(W) length: 1000 mm 1000 mm 1000 mm

Grid spacer lower: Zry-4 Zry-4 Inconel-718:

elevation*: -47 - -5 mm -47 - -5 mm -43 - -5 mm

middle: Inconel-718: Inconel-718: Zry-4

elevation*: 450 - 488 mm 458 - 496 mm 446 - 488 mm

upper: Zry-4: Zry-4: Zry-4

elevation*: 838 - 880 mm 838 - 880 mm 838 - 880 mm

Shroud wall thick.: 1.2 mm 1.2 mm 1.2 mm

(Zry-4) outside: 86 x 86 mm 86 x 86 mm 86 x 86 mm

elevation*: 36 - 1241 mm 36 - 1260 mm 36 - 1234 mm

Insulator thickness: 20 mm 20 mm 20 mm

(Zr02 fiber) elevation*: 36 - 1000 mm 36 - 1000 mm 36 - 1000 mm

Windows position: corner side side

area: 15 cm2 6 cm2 6 cm2

quartz glass: no (open) yes (c1osed) no (open)

lable 3. Characteristics of bundles CORA-2, CORA-5, and CORA-12: elevation*

means axial bundle elevation from the bottom of the heated zone.
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cross CORA-2 CORA-5 CORA-12

section

-13 mm 95mm 51 mm

1: Position of the Position of the Above the Inconel

lower Zry grid intact c1addings grid spacer

spacer (unpolished)

268mm 208 mm 216 mm

2: Top of the blocked Position of the Position of the

zone lower blocked blocked zone

zone

298mm 393 mm 381 mm

3: Just above the Position of the Above the blocked

blocked zone middle blocked zone

zone (unpolished)

480mm 408 mm 533 mm

4: Position of the Below the Inconel Above the middle

Inconel grid grid spacer Zry grid spacer

spacer

870 mm 663 mm 711 mm

5: Position of the Below the upper Below the upper

upper Zry grid Zry grid .;;pacer Zry grid spacer

spacer (unpolished) (unpolished)

853 mm 876 mm

6: Position of the Above the upper-
upper Zry grid Zry grid spacer

1

spacer (unpolished)

Table 4. List of the analyzed cross sections: elevation and global description
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Elevation Heated Unheated Total Total

rads rads Min. Med. Max.

Test (mm) (pm) (pm) (pm) (pm)

268 476 + 84 442 + 117 465 + 95 240, 490, 560

N 298 465 + 85 466 + 67 468 + 79 240, 490, 590
I

ct 480 506 + 46 --- 506 + 46 420, 520, 590
0::
0 870 52 + 36 62 + 50 54 + 40 20, 50, 160U

870 x 870 + 100 660 0 635 +126 660, 880, 940

95 6.6 + 0.5 4.9 + 0.6 6 + 1 4, 6, 7

208 52 + 29 57 + 29 54 + 28 20, 45, 114
tn

I 393 342 + 82 284 + 84 323 + 86 190, 330, 470ct
0:: 408 311 + 66 307 + 77 309 + 68 150,300,4400
U 663 419 + 44 440 + 24 424 + 40 330, 420, 470

853 199 + 34 203 + 82 200 + 57 140, 190, 350

216 477 + 50 590 0 491 + 88 400, 470, 660
N 381 400 + 64 366 + 51 389 + 63 260, 420, 490
~

I

ct 533 390 + 46 --- 390 + 46 330, 380, 470
0::
0 711 498 + 43 --- 498 + 43 470, 480, 560U

876 527 + 65 590 0 539 + 60 420, 540, 610

Table 5. Cladding outer oxide layer thicknesses: average value with standard

deviation for the remnants of the claddings.

The statistical values are calculated for the heater rads (2. colu mn), the

unheated rods (3. column), and all rods analyzed (4. column) at the ele

vation given (1. column). Further, the minimum (Min.), the median

(Med.), and the maximum (Max.) values are shown (last column).

xindicates the group of corner rods (CORA-2, 870 mm)

a only one rod with remnant cladding
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Position within Outer diameter Circumferential Circumferential

the bundlex of the c1addings elongation elongation

(min.-max.) measured calculated

(mm) (%) by SCDAP (%)

initial value 10.75 Ref. Ref.

at -13 mm no significant change - < 1

at 268 mm rod A 11.3 - 12.5 5 - 16 ca. 2

rod B 11.5 - 12.0 7 - 12

at 298 mm rod B 11.5 -12.0 7 - 12 ca.3

rod C 11.3 -12.3 5 - 14

at 480 mm rod D 11.5 -12.3 7 - 14 ca.5

at 870 mm no intaet cladding - ca. 3

Table 6. Outer diameter of the intact c1addings of CORA-2: comparison

between experiment and calculation

(position within the bundlex is indicated below).

rod A

radS
rod C



Appendix E. Figures
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Figure 1. Schematic overview of the CORA facility: including the most

important features such as test section with the test bundle, steam

generatorjsuperheater, and quench device.
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at 268 mm 255-

345'

75'

(a) (b) *====================
Figure 3. CORA-2, fuel rods at 268 mm elevation: (a) remaining metallic part in the middle of the c1adding in the blocked region;

(b) complete oxidation of the c1adding in the unblocked region



at298mm

==========================================~*=======

Figure 4. CORA-2, rubble at 298 mm elevation: on top of the blocked

region



at 480 mm

(a)

(b)

======================================================*~
Figure 5. CORA-2, fnel rods at 480 mm elevation: (a) cladding without

inner oxidized part; (b) cladding with a thin inner oxidized part.

Both types show a large gap between cladding and pellet.



at 870 mm
255-

345 0

75°

(a) (b) *===================
Figure 6. CORA-2, fuel rods at 870 nun elt.vation: (a) a thin oxidized layer on claddingjZry-spacerjU02 reaction product; (b) a thin

oxidized layer on claddingjU02 and Zry-spacerjU02 reaction products.



at 870 mm
255-

/
75°

~

(a) (b) ~

LmJill===================
Figure 7. CORA-2, fuel rod, spacer and shroud at 870 mm elevation: (a) azimuthai variation of the oxidized layer thickness of the

c1adding; (h) thick oxidized layer on the inner surface of the spacer facing to the heated rod at corner position.
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165 0
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800mm

(a) (b) *=====================
Figure 8. CORA-2, shroud at 870 nun elevation: (a) thicker oxidized Iayer formed on the outer surface than on the inner surface;

(b) compiete oxidation from the both sideswith the same oxide structure.
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at 298 mm

(a)

at 480 mm

(b)

================================================*========

Figure 13. CORA-2, flowering of the claddings: (a) remaining of an inner

oxidized part at 298 rnm; (b) 10ss of most of inner oxidized part

at 480 mrn.



at 480 mm

13 mm

'-:::::::===:::::-
(b)

=============================================*========
Figure 14. CORA-2, cladding deformation: (a) at 480 mm molten material

penetrates the Zr02 layer and refreezes due to oxidation; (b) at

467 mm failure of the cladding with release of melt forming voids.



at 298 mm

0.1 0.725 1.2 - 1.7

10.75 11.5 - 12.5 (mm)

===================================================*======

Figure 15. CORA-2, radial growth of the claddings: typical intact rod at

298 mm (top), and comparison of the diameters with the initial

state in the schematic below left.
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at 95 mm
1200

2100

(a) (b)

==========================================================================*==================
Figure 17. CORA-5, fuel rods at 95 nun elevation: (a) a thin oxidized layer on the outer surface; (b) relocated material on the outer

surface.



at 208 mm 1200

2100
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{al (b)

=====================================================================================*=====================
Figure 18. CORA-5, fuel rods at 208 mm elevation: (a) locally relocated material between pellet and cladding; (b) relocated material

on the outer surface.



at 393 mm
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Figure 19. CORA-5, fuel rods at 393 nun elevation: (a) complete oxidation of the cladding with voids and relocated material on the

outer surface; (b) complete oxidation of the cladding with relocated material on the inner surface.



at 408 mm 1200

2100

(a) (b)

===========================================================================$======================
Figure 20. CORA-5, fuel rods at 408 mm elevation: (a) complete oxidation of the c1adding with voids; (b) complete oxidation at

breached part of the c1adding.



at 853 mm
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================================================================~*====================
Figure 21. CORA-5, fuel rod and spacer at 853 nun elevation: (a) complete oxidation of cladding remnant; (b) complete oxidation

of remnant grid spacer.
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Figure 22. CORA-5, end state of the claddings: claddings are classified as

intact, missing, reacted, and flowered. Furthermore the clad state

of the absorber rod is added.
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Figure 23. Outer oxidized layer thicknesses of CORA-5: measured for all rads at the elevation given. Solid symbols indicate the

average thicknesses.



30 0

fI.l
fI.l
«S-bO.

t
~
0'

I
I
I
I
I
I
I
I
I
I
IN
10
10
I
I
I
I
I
I
I
I
I

I

i Intact
I,~ simulator
IY (heated)

'0 fuel rod
I (unheated)

Damaged
Clad flowered

Clad reacted
with melt

No cladding

CORA-5

z=208mm z=393mm

z-=853mm

I
I
I
I

I
I
I
I
I

101
'010
I
I
I
I
I,
I
I,

®

®
: 150:

: 140:

":,...-".

::~::.....

x

x
(8)

: 180:

®
':'--:'.:,(oxj':

'.\./Y.:.....

x

:350 :

®

::~::.....

,
I
I
I
I
I
I
I
I
I
I

oi
0 1

cnl
I
I
I
I
I
I
I
I
1

---------------------3ClÖ
z=408mm

=============~~=
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bers indicate outer Zr02 layer thicknesses in pm, and the boun

daries of blocked areas are marked by dashed lines.



around 270 mm

(a)

(b)

============================~*======
Figure 25. CORA-5, shroud at around 270 mm elevation: double-sided oxi

dation; (a) in the direction of 300 as weIl as (b) in the direction of

210°.



at 95 mm

(a)

at 208 mm

(b)

===================================================r$f===.===

Figure 26. CORA-5, central absorber rod: (a) relocated material between

ss cladding and Zry guide tube at 95 mm; (b) dissolution of Zry

guide tube at 208 mm.



2100

at 216 mm
1200

======================================(b===)*====================

Figure 27. CORA-12, fuel rods at 216 mm elevation (1): (a) interaction of the cladding with relocated melt; (b) mechanically broken

part of the fuel rod.



2100

at 216 mm
1200 3000

(a) (b)

===================================================*=======================
Figure 28. CORA-12, fuel rods at 216 nun elevation (2): (a) complete oxidation of the c1adding; (b) remaining metallic part in the

middle of the c1adding.
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at 533 mm
1200 3000

(a) (b)

=============================================*==================
Figure 29. CORA-12, fuel rod and rubble at 533 mm elevation: (a) interaction of the pellet with relocated melt; (b) rubble which has

been collccted at the central part of the bundle cross section.
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around 160 mm

(a)

around 100 mm

(b)

==========================================*========
Figure 33. CORA-12, shroud oxidation: (a) double-sided oxidation in the

direction of 3000 at around 160 rnrn; (b) relocated melt at the

outer surface of the shroud in the direction of 1200 at around

100 rnrn.



around 100 mm

==========================================*======

Figure 34. CORA-12, absorber rod: absorber melt within the ss cladding

and relocated material between ss cladding and Zry guide tube

at around 100 mm.
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area) and melt relocation observed (dashed area), fluid composition and electric power input (midd1e). The lowest part

contains the sequence of phenomena derived from the test analysis /17/.
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Figure 44. Comparison of the remnants of the pellets: these results are

quoted from ref./14/.
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Figure 45. Mechanism of c1adding deformation: intermediate states of the proposed modelleading to failure and release of melt.




