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Abstract

The "Severe Fuel Damage" (SFD) experiments of the· Kernforschungszentrum

Karlsruhe (KfK), Federal Republic of Germany, were carried out in the out-of-pile

facility "CORA" as part ofthe international Severe Fuel Damage (SFD) research.

The experimental program was set up to provide information on the failure

mechanisms of light Water Reactor (LWR) fuel elements in a temperature range

from 1200°C to 2000°C andin a few cases up to 2400°C.

Between 1987 and 1992 a total of 17 CORA experiments with two different

bundle configurations, i.e. PWR (Pressurized Water Reactor) and BWR (Boiling

Water Reactor) bundles were performed. These assemblies represented

"Western-type" tuel elements with the pertinent materials for fuel, c1adding,

grid spacer, and absorber rod.

At the end of the experimental program two WER-1 000 specific tests were run in

the CORA facility with identical objectives but with genuine WER-type materials.

The experiments, designated CORA-W1 and CORA-W2 were conducted on

February 18, 1993 emd April 21, 1993, respectively. Test bundle CORA-W1 was

without absorber material whereas CORA-W2 contained one absorber rod (boron

carbide/steel) .

As in the earlier CORA tests the test bundles were subjected to temperature

transients of a slöw heatup rate in a steam environment. The transient phases of

the tests were initiated with a temperature ramp rate of 1 K/s. With these

conditions a so-ca lied small-break LOCA was simulated. The temperature

escalation due to the exothermal zircon/niobium-steam reaction started at about

1200°C, leading the bundles to maximum temperatures of approximately 1900°C.

The thermal response of bundle CORA~W2 is eömparable to that of CORA-W1. In

test CORA-W2, however, the temperature front moved faster from the top to the

bottom compared to test CORA-W1. The reason for this behavior may be found in

an earlier melt formation and relocation of the absorber rod material in CORA

W2. With the movement of the melt heat is transported to the lower region also.

Below 300 mm elevation the test fuel rods remained intact due to the low

temperature. An essential portion of the absorber melt has resolidified at about

200 mm, i.e. at the second grid spacer, where a partial flow blockage had formed.

The absorber rod and its pertinent guide tube failed at ca. 200 mm, i.e. above this

elevation the absorber rod is missing. Bundle CORA-W2 is characterized by a
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oxidation above 300 mm elevation. Besides the severe oxidation the testbundle

experienced in considerable fuel dissolution by ZrNb1/U02 interaction in the

upper part, complete spacer destruction at 600 mm due to chemical interactions

between steel and the ZrNb1 c1adding.

The documentation of the experimental results is planned to be a joint effort of

the Russian and the German side. In particular, the posttest investigations will be

documented by the participating institutions of Russia and Germany. This report

is the contribution of the Karlsruhe Nuclear Research Center providing the test

data and some results of the posttest examinations.

Despite some specific features the material behaviof of the WER-1 000 bundle is

comparable to that observed in the PWR and BWR tests of Western design.
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Verhalten eines WWER-Brennelements mit Borkarbid/Stahl-Absorber, das unter

Bedingungen von schweren Reaktorunfällen in der CORA-Anlage getestet

wurde (Ergebnisse des Experiments CORA-W2)

Kurzfassung

Die Severe-Fuel-Damage-(SFD)-Experimente des Kernforschungszentrums Karls

ruhe (KfK) werden in der Out-of-pile-Versuchsanlage "CORA" als Teil des interna

tionalen "Severe-Fuel-Damage"-Forschungsprogramms durchgeführt.

Mit Hilfe der CORA-Versuche sollen die Versagensmechanismen von LWR

(Leichtwasser-Reaktor)-Brennelementen im Temperaturbereich von 1200 bis

2000°C und in einigen Fällen bis 2400°C ermittelt werden.

In den Jahren 1987 bis 1992 wurden 17 CORA-Versuche mit zwei unterschiedli

chen Typen von Brennstabbündeln, DWR(Druckwasserreaktor)- und SWR (Siede

wasserreaktor)-Bündel, durchgeführt. Die Testbündel repräsentierten westliche

Brennelemente mit Originalmaterialien bezüglich Brennstoff, Brennstabhüllen,

Abstandshalter und Absorberstäben.

Am Ende des SFD-Versuchsprogramms standen zwei Experimente mit WWER

typischen Brennelementen (russische Bauart). Die Experimente CORA-W1 und

CORA-W2wurden-am 18. Februar 1993 bzw.am·21.Äpi"il1993durC:hgefUhr1:.Ver~

suchsbündei CORA-W1 war ohne Absorberelement, CORA-W2 mit einem Absor

berstab aus Borkarbid/Stahl ausgestattet.

Wie in den CORA-Versuchen zuvor wurden die Testbündel Temperatur

transienten mit langsamer Aufheizrate und in Dampfatmosphäre ausgesetzt. Die

transiente Phase der Versuche wurde mit einer Aufheizrate von 1 K/s begonnen.

Damit wird ein Unfallablauf für einen LWR simuliert, der sich aus einem Kühlmit

telverluststörfall durch Auftreten eines sogenannten kleinen Lecks entwickeln

kann.

Die Temperatureskalation aufgrund der exothermen Zirkon/Niob-Wasserdampf

reaktion setzte ab ca. 1200°C ein. Die Höchsttemperaturen betrugen 1900°C. Das

Temperaturverhalten des Bündels CORA-W2 ist vergleichbar mit dem des Experi

ments CORA-W1, jedoch mit dem Unterschied, daß sich die Temperatuifront im

Vergleich zu CORA-W1 schneller von oben nach unten ausbreitete. Der Grund da-
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für dürfte in der frühen Schmelzbildung und der damit verbundenen Umverlage

rung der Absorberschmelze liegen; denn mit.dem Schmelzfluß wird auch Wärme

in den unteren Bündelbereich transportiert. Die Brennstäbe des unteren Bündel

abschnitts (bis 300 mm) blieben aufgrund der axialen Temperaturverteilung un

versehrt. Ein wesentlicher Teil der Absorberschmelze ist bei ca. 200 mm, d. h. in

der Höhe des zweiten Abstandshalters erstarrt. Hier hat sich eine teilweise Kühl

kanalblockade gebildet. In derselben Höhe liegt die VersagenssteHe des Absor

berstabs und des zugehörigen Führungsrohrs, d. h. oberhalb ca. 200 mm fehlen

Absorberstab und Führungsrohr. Das Versuchsbündel weist eine starke Oxidation

im oberen Bereich auf. Neben der Oxidation zeigte das Versuchsbündel aus

schließlich im oberen Bündeibereich Brennstoffauflösung durch die "'Vechselwir

kung ZrNb1/U02 und vollständige Zerstörung des Abstandshalters in der Höhe

600 mm aufgrund chemischerWechselwirkungen zwischen Stahl und dem ZrNb1

Hüllrohrmaterial.

Die. Dokumentation der experimentellen Ergebnisse ist als gemeinsame Aufgabe

der russischen und der deutschen Seite geplant. Insbesondere werden die Ergeb

nisse der Nachuntersuchungen von den beteiligten Institutionen in Rußland und

Deutschland dokumentiert. In diesem Bericht werden die Versuchsdaten des Ex

periments CORA-'N2 und einige Ergebnisse der Nachuntersuchungen dargelegt.

Sie sind der Beitrag des Kernforschungszentrums Karlsruhe.

Von einigen spezifischen Merkmalen abgesehen ist das Materialverhalten des

WWER-,1000-,Bündels vergleichbar mit dem der DWR- und BWR-Versuche westli

cher Bauart.
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1. Introduction

Safety studies demonstrated that so-calied small break loss-of-coolant accidents

in light-Water Reactors(LWR), in combination with failure of the required safety

systems, can lead to overheating of the core and thus result in severe fuel damage

(SFD) and fission product release.

In such an accident the nuclear fuel rods may be subjected to temperatures

beyond the present design basis accident limit of 1200°C. The temperature

transient, however, will not necessarily escalate to an uncontrolled core

meltdown accident,as it was learnedfrom the TMI accident in 1979.

The transient of a SFD-type accident is initiated by a slow temperature rise in the

orderof 0.5-1.0 Kls, followed by a rapid temperature escalation (about 10 - 20

K/s) due to the exothermal heat produced by the zirconium aJloy c1adding

oxidation in steam environment. Besides oxidation and embrittlement of the fuel

rod c1adding, local melting of the c1adding and interactions between solid and

molten zircaloy and uranium dioxide pellets occur and lead to destruction of fuel

rod elements and other core structures at temperatures far below the melting

point of the fue!. The concern with melting of tuel rod materials in a SFD accident

is relocation, solidification, and therefore the formation of coolant channel

blockages.

To investigate the relevant damage mechanisms in an uncovered core, and to

-de-veIQP-models-for-estimating coredamage initiation -aha propagalion, research

programs have been defined in various countries. In these programs in-pile and

out-of-pile experiments are being performed under severe fuel damage

conditions, Le. temperature escalation to about 2000°C with termination of the

transient before complete core meltdown.

_....- '

At the Kernforschungszentrum Karlsruhe (KfK) aseries of out-of-pile experiments

on SFD research was performed in the CORA facility. The entire experimental pro

gram is provided with Table 1 (CORA test matrix). As can be seen from this list, 17

experimentsusing bundle configurations ofthe Western design were conducted.

All of these CORAexperiments were .performed with UOz as pellet material and

with absorber material (except for CORA-2 and -3). Two different absorber ma

terials were used within the two different bundle configurations, Le. (Ag,ln,Cd)

rods represented PWR (Pressurized Water Reactor) conditions whereas boron car-
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bide refers to the experiments simulating BWR (Boiling Water Reactor) fuel ele

ments.

At the end of the experimental program two WER-1000 specific testswere run in

the CORA facility with analogous objectives but with genuine WER-type materi

als. The experiments, designated CORA-W1 and CORA-W2 were conducted - un

der the same conditions as the previous tests - on February 18, 1993 and April 21,

1993, respectively. Test bundle CORA-W1 was without absorber material whereas

CORA-W2 contained one absorber rod (boron carbidel steel).

The documentation of the experimental results is planned to be a Joint effort of

the Russian and the German side. In particular, the posttest investigations are to

be performed at different laboratories in Russia as weil as at the Karlsruhe Nu

c1ear Research Center, Le. polished sampies were distributed for the posttest ex

aminations to the different institutions. This report is meant as documentation of

the test data of the second CORA-WER experiment CORA-W2 and includes some

results of the post test examinations performed at KfK.

2. Test Description

2.i Description of the Test Facility

A<:f~tail~<:f descri,:>tion of the ~ORA facility (~~~Figures 1. and?> is given in refer

ence 111. The test bundle is surrounded bya high-temperature shield which is 10

cated within the pressure tube. The vertical and the horizontal cross-sections of

the high-temperature shield are given in Figures 3 and 4. The high-temperature

shield consists mainly of ceramic fibre plates. The inner iayer of piates consists of

Zr02, and the outer one of A1 20 3• The fibre ceramics are excellent insulators and

have a low density which results in a low heat capacity. The thermai shock

behaviour of the fibre ceramics is also excellent.

The mechanical strength of the high temperature shield is provided by outer

walls of stainless steel (0,9 mm). The fibre ceramic plates are attached to the stain

less steel cover by ceramic nails. Theinner Zr02 1ayer is 38 rnrn thick, and the outer

AI20 3 1ayer is 76 mm thick, separated bya gap of 23 mm. The distance from the in

ner insulation surface to the centre of the bundle is 153 mm.
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The test bundle is being inspected during the test by several video and still cam

eras through a number of holes in the shield.

Steam generator and steam superheater are placed inside the CORA contairi-

ment. A maximum steam temperature of more than 800°C can be attained. The

maximum steam flow rate amounts to 33 gis.

Two different condensers are installed in the CORA facility:A vent condenser and

a surge condenser. Under normal operating conditions the steam which is not

consumed by oxidation of the bundle, is condensed in two vent condenser units.

The surge condenser is physically separated from the high pressure system by four

rupture disks. In case of emergency, e.g. due to an extremely high evaporation

rate caused byquenching of the bundle, the void volume of the surge condenser

servesas apressure suppression system.

The condensate from the vent condensers and - in the case of emergency - the ex

cess spray water of the surge condenser are collected in the condensate tank.

After each test the amount of water in the condensate tank is determined to per

form a water mass balance.

To avoid any hazard of hydrogenformed during the zirconium oxidation, the

non-condensable gases are expanded and diluted in a mixing chamber (see Fig.

.1). The hydrogen is diluted to a concentration below explosion limits by adding

akto the gas.

The test fadlity has a quench capabiiity which is activated by raising a water-fiiied

quench cylinder into the test section at a controlled speed. This option was not

used in the WER-specific experiments. After a test, the high-temperature shield

can be lowered into the quench unit without moving the bundle. So, the tested

bundle can be inspected and photographed in itsoriginaLcondition that existed

at termination of the transient.

2.2 Test Bundle Design

Test bundle CORA-W2 consisted of 19 fuel rod simulators. The test rods were ar

ranged within the bundle as shown in the schematic cross section of Figs. 5 and

5a. 13 of the 19 fuel rods were electrically heated by using tungsten pins as heat

ing elements. Five rods were unheated and one position within the bundle was

filled with an absorber rod and its pertinent guide tube. The heated rods (fuel rod

simulators) as weil as the unheated rods were filled with annular U02 pellets of

the same outer diameter but with different size of the central holes. The design
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of the heated and unheated types of rods used in the CORA-WER test bundle is

given with Fig. 6. The rod c1addings and the shroud surrounding the rods are

made of zirconium-1 % niobium (Zr1 % Nb). The shroud itself is insulated with a

20 mm-thick layer of Zr02 fiber material to guarantee a uniform radial tempera

ture distribution.

Three grid spacers of 20 mm length were mounted below the heated region, in

the lower bundle region, and above its axial center. All three grid spacers are

made of stainless steel. Details on the location of the spacers and the fuel rod

simulator design characteristics are given in Table 2.

The bundle head funnel (at the top of Fig. 3) is made of copper and is water

cooled by the double-walled outer chamber. To make the cooling more effective

the space around the rads inside this chamber is filled with water. In

consequence, the upper ends of the heated rods (the copper electrode inside the

Zry-c1adding) and the connectors for the pressure capillaries and thermocouples

ofthe unheated rods are surrounded by water.

At the lower end the heated fuel rod simulators are cooled by the water inside

the quench cylinder. The gross volume of water inside the quench cylinder

(230 mm 10) amounts to about 70 I. The initial water level is at the -220 mm

elevation.

The test train instrumentation comprised thermocouples and two-color

pyrometers for the various temperature measuremenfs. Besides fhe standärd
NiCrlNi Ai type thermoelements with stainless steel sheath, the test section was

instrumented with different types of high-temperature thermocoupleslisted in

Tabte 3. The Russian TC design is additional!y i1!ustrated in Fig. 8. The exact

positions of the thermocouples are provided with Table 4 and Table 5 (Iocations

6f the hiyh-te",j:ierature shield).

Two videoscopes, at 600 mm and 800 mm (120 0 orientation), were used in test

CORA-W2 to observe the materials behavior and the relocation of material

during transient testing. A schematic of the videoscope system with video camera

and 35-mm still camera is given with Fig. 9.

The hydrogen produced during the test by the steam/Zr reaction is measured

with means of two mass spectrometer systems at two different positions, i.e.

above the test section ,md in the mixinü (hamber after the aas had oassed theJ _.

condenser (see B9.J). The gas at the test section outlet can contain a high steam
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partial pressure and has therefore to be diluted by helium beforeit enters the

analyser through the capillary tube. For this purpose a dilution chamber with

flow meters is installed.

A schematic of the probes, gas lines, and gas analysis system is provided with

Fig. 10. The off-gas mixture which contains hydrogen among othergases is being

transported to the spectrometer via capillary tubes. It is analyzed by quadrupole

mass spectrometers of the type Leybold PQ 100. The ion currents representing the

partial pressures of the respective gases are determined. The hydrogen

generation rate is evaluated as folIows:

with

Rm = Mass production rate of hydrogen [gis]

PH = Partial pressure of hydrogen [Pa]

PAr .. Partial pressure of argon [Pa]

FAr = Volumetrie argon flow through mixing chamber [I/s].

The mass production rate of hydrogen as weil as of the other gases is caiculated

'Nith the ratio of the partial pressure of the particular gas and that ane of argon

(~arri~ig~~J~D~JT'LYJt:ipUedb-Y-tbe~rgonJlow.rate-thr'Oughthe-te5tbundle~

Based on a calibration test with bundle CORA-7 in which a mixture of argon and

30 % hydrogen was radially injected in the test section the delay time of

monitoring the gas was estimated to be 80 s. This time was taken into account for

the measured hydrogen production of all CORA experiments.

From the same calibration test it was learned that the measured gas

concentration showed lower slopes of the hydrogen production rate than it had

to be expected from the injected gas flow. For this reason the measured data

were corrected based on the real gas concentration, Le. on the gas input during

the calibration test. A transfer function was determined and applied to the

measured data. The result is a corrected curve that better represents the H2

production rate in the test section.
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3. Test Conduct and Initial Boundary Conditions

In the eORA experiments one can generally distinguish the following phases for

the test sequence:

Pre-heating 0000 - 3000 s (argon only)

Heat-up 3000 - 3900 s (argon; argon +steam from 3300 s)

Escalation 3900 - 4500 s (argon + steam)

Cool-down > 4500 s (argon only).

The test sequence of the experiment eORA-W1 can be taken fram Table 6. During

the preheating phase argon of about 500 oe entered the test bundle with a flow

rate of 8 gis (Figures 11 and 12). Between 3000 sand 4500 s the electric power

was increased from 2 kW to 14.5 kW with a ramp rate of approx. 0.01 kW/s to

achieve the initial heatup rate of 1 K/s. At 3300 s within the test a constant flow

of superheated steam of 4 gis was added to the argon flow of 6 gis. At about

4150 s the slow temperature rise was followed by a rapid increase caused by in

creasing electric power input and additional energy from the exothermal zirco

nium - steam reaction.

The eiectric power suppiy was turned off at 4500 s (termination by siow

cooldown) together with the steam supply.

fhe power:fnpüfhfstoryfof-tesf<:Öf'{A=\iV2-togefheTwifh--fhe-coolanf aa1:a-asar=
gon flow, steam flow (provided as mass flow of the injected water into the evap

orator), and coolant pressure are given in Figs. 11 through 14.

The measured voitage input during the transient phase, the total electric energy

input, the total current, and the total electric resistance of the bundle aregivenin

Fig. 15 and Figs. 17 through 19. The variation of currents of the individual rods

plotted per rod group can be found in Fig. 20. The resistances of the three rod

groups are given in Fig. 21 and the resistances of the individual heaters are given

in Figs. 22 through 24.

The water temperature in the quench cylinder at -250 and -350 mm elevation is

shown in Fig. 25. During the transient the water temperatures increase to 80 and

60°C, respectively, due to heat conduction from the heated fuel rod simulators

that immerse into the water of the quench cylinder and due to the radiation from

the bundle.
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In Fig. 26 four measured steam tube temperatures at -50 mm elevation are pro

vided. The steam inlet temperature at 0 mm elevation is givenwith Fig. 27. Dur

ing the heatup the temperature increases from 520 to about 640°C. The internal

pressures of the absorber rod and of unheated rods during test CORA-W2 can be

taken from Figs. 32 and 33.

4. Temperature Response. Hydrogen Generation. and Bundle End
State

4.1 Temperature Measurements of the Bündle

The initial temperatures of the different components at 0 sand at the onset of

the transient, Le. at 3000 s, are provided with Tables 7 and 8.

The temperature measurements are presented as afunction of time in the follow

ing way:On one hand, the temperatures ofthe components (heated rods, un

heated rods, spacers, shroud, high-temperature shield) are given, on the other

hand - for comparative reasons - the temperature measurements for different

components are grouped for the same axial elevations (Figs. 42 through 51).

Moreover, so - called best-estimate temperatures at different elevations (Fig. 52)

and axial temperature distributions for different time steps (Fig. 53) are pre

sented.

Different types of thermocouples wereinstalled in test bundle CORA-W2 (Ta

ble 3):

!n the center and at the outer surface of unheated rods

At the outer surface of heated rods

At the outer surface of the shroud and its insulation

Above the shroud and at the bundle flange (gas temperature)

Between the c1adding of the absorber rod and the guide tube

At the grid spacer

At the steam entrance.

The thermocouple locations listed in Tables 4 and 5 are in addition illustrated in

Figures 28, 37, and 54.
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The course of the rod temperatures during the CORA-W2 transient at different

loeations and elevations is provided with Figs. 29 through 31. The temperatures

of the heated rods show fairly consistent traces fram 350 mm to 1150 mm. The

data for the lower as weil as for the upmost locations of 1250 mm, 1350 mmr and

1450 mm differ significantly. The temperatures of the unheated rods (Figs. 30 and

ill confirm the thermal behavior for as long as they worked, Le. TC failure oc

curred earlier for some elements compared to those mounted at the heated rods.

Temperatures at loeations from 350 mm upward eontinued to rise more rapidly

(temperature esealation at about 1200 oe) due to the zirconium-steam reaction

with the strongest heatup at 650 - 750 mm. At this loeation the maximum mea

sured temperature amounts to 1900 oe.

The temperature escalation can also be found in Fig. 36 which depicts the tem

peratures of the three grid spacers and in Figs. 38 and 39 with shroud and shroud

insulation temperature.While the temperatures of the grid spaeers at the low

elevations, Le. at -15 mm and 200 mm, do not show any escalation the 600 mm

level exhibits a sharp temperature rise.

The start of absorber rod fai!ure was indicated by the measured rod internal pres

sure (Figs. 32 and 33). At the time of the pressure loss (4069 s) the absorber rod

temperature was 1230 oe and the maximum bundie temperature at 850 - 950 mm

elevation ca. 1250 oe. This leads to the conc!usion that the failure !oeation was in

theUPffiQst regjgn gf the heated zone, rnay be even above the 1000-mm eleva

tion. The temperature mentioned above is below the melting point of the ab

sorber rod c1adding. The early absorber rod failure indicates an interaction be

tween the boron carbide and the 55 cladding and/or between the 55 guide tube

and the fuel rod c1adding made of Zr1 %Nb.

The gas temperatüres at three elevations are given in Fig. 40, those of the high

temperature shield for elevations between 50 mm and 1270 mm in Figs. 56

through 76. The temperatures of the high-temperature (HTS) shield are com

pared to each other fordifferent axial elevations or for different azimuthai posi

tions. The high-temperature shieid has measurement planes at 153 mm (inner

surface), 172 mm, 192 mm, 255 mm, 293 mm and 380 mm (outer surface). Tem

peratures at different radial positions (different components) but at individual

elevations are shown in Figs. 42 through 51, axial temperature distributions in

Fiq. 53. The best-estimate values used for evaluating the axial temperature pro

files have the following uncertainties: + 100 K in maximum up to the time of

temperature escalation. Beyond the escalation the uncertainties are often larger.
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In the temperature range beyond the escaJation the given "best-estimate" tem

peratures are considered to present lower values because some Te signals used in

the evaluation could possibly originate from thermocouples which had formed Te

junctions at positions of lower temperatures. As thermocouples usually fail at the

time of the maximum temperature an exact number cannot be given. Uncertain

ties due to eccentricities of the rod arrangements that can formduring the course

of the transient are included in the error range.

4.2 Hydrogen Generation

The hydrogen production rate during test eORA-W2 and the integral hydrogen

production (measured and corrected* data) are given in Fig. 77 as a function of

time. The measured data are obtained from the gas probes at the mixing cham

ber. The total hydrogen amounts to 75 g. This value corresponds to an average of

32 % oxidation based on 5.368 kg zirconium, Le. 3.184 kg of c1adding and 2.184

kg of shroud (1.2 m length). With the total hydrogen of 75 9 H2 and the time at

temperatures above 1400 oe - estimated to be 400 s - the fraction of steam con

sumed is calculated to be 42 % of the total steam flow of 4 gis injected into the

test section.

4.3 Mass Distribution and Blockage Formation

An axial profile of voids and structure material, respectively, can be obtained by

using the epoxying process. As canbe seen in Fig. 78 the epoxy resin is filledinto

th-e-mould fram tne boUömena~ BVweigffing the resinleff Infl1e supply con

tainer after each step, Le. when the resin level has raised in the bundle by 1 cm,

the difference of mass allows the calculation of the void volume of the bundle as

a function ofaxial height. The filling process is slow enough so that the reading

at the scale can be taken per cm providing a specific mass in (g/cm). The error of

this method amounts to about 15 % with respect to readings of theepöxy level at
1cm increments. It is too large to give reliable results. The error, however, is al

ternating, Le. epoxy mass not measured at one step is certainly included in the

next reading at the scale.

The data.ofthe specific mass of resin as a function of elevation (g/cm) in Fig. 79

demonstrate the scatter (crosses). The smoothed solid-line curve in Fig. 79 was ob

tained from the data (crosses) by filtering, Le. by using a Fourier transformation

where higher frequencies were cut off by a low-pass filter. This filtering method

* eorrected data are based on the CORA-7 calibration test.
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has an additional advantage in reducing the uncertainty when dealing with al

ternating errors. The axial distribution in Fig. 79 is a distribution of voids because

a higher amount of resin is equivalent to a larger void volume.

Fig. 80 presents the axial distribution of the structural material. For the evalua

tion of this profile the cut bundle segments were weighed. These data represent

the mass of the structure and the mass of the heater elements:

Specific mass = Mass of weighed sampies - Epoxy mass - Mass of shroud rem

nants referred to the pertinent axial segment.

As the shroud of the axial center (hot region) was removed together with the fi

ber insulation after the test, the remnants of the shroud which were present dur

ing the filling process were excluded in the evaluation,Le. it was assumed that

there had been no shroud.

For practical reasons segments were cut to a length of 5 cm for weighing and

evaluating the axial distribution of the specific mass [g/cm]. This length means a

compromise with respect to uncertainty and resolution. Concerning the uncer

tainty, the relative error of the epoxy mass is only one fifth compared to the 1-cm

reading of the filling process mentioned above. The error of the specific mass is

even lower because the portion of the epoxy mass within the total mass of the

segments is small. On the other hand the choice of a 5-cm length for the seg

ments limits the resolution of the axial mass distribution.

In Fig. 81 the axial mass distribution is depicted together with the axial tempera

ture distribution (best-estimate values), for various time steps. The masses of the

epoxy resin and of the shroud are eliminated in the evaluation. From this distribu

tion it can be learned that the higher temperatures, Le. temperatures above 1500

°C/1600 °C existed in the upper half (between700 to 1100mm)atapprox. 4200s

and in the zone (from 300 to 1100 mm) for the time of 4600 s. At these times the

material relocated from the upper regions to lower elevations. The partial block

age - as a result of this material relocation - had formed above the 200-mm eleva

tion, at an axial zone with a steep temperature gradient. This behavior of solidi

fication of melt was found in test b~ndle CORA-W1 /3/ and in other CORA experi

ments.
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5. Posttest Appearance of the Bundle

Overall views of test bundle CORA-W2 after the test at different orientations are

~iven in Figs. 82 through 114 with the first pictures demonstrating the condition

<:>f the bundle prior to the removal of the shroud insulation. Above ca. 700 mm

the shroud was cpmpletely oxidizedand broke away because of its brittleness ex

cept for some remnants. In the lower region one finds quite some areas where

the shroud insulation is glued to the shroud. More detailed views are presented

with the photographs of Figs. 85 through 114.

Prior to the.encapsulation of the bundle three loose fragments of the many that

had collected at the very bottom of the bundle were taken for chemieal analyses

(lable 9). It is very likely that that these melt droplets had formed during the ear

Iy stage of the transient because the analyses indieate components of steel, Le.

material of the absorber rod and its pertinent guide tube (lable 10).

The following description of the posttest appearance with an insight into the in

terior of the test bundle was made possible with the additional help of cross sec

tiens (Figs. 115 through 132) with enlarged views in Figs. 119 throügh 132. The

positions of the cross sections can be taken from lable 11.

Ta obtain cross sections a mould was set up around the bundle that was filled

with epoxy resin (see also Fig. 78). For encapsulation of the bundle the epoxy sys

tem· Rütapox-02-73 with thehardenerdesignated I:E(Epoxy resin and hardener

manüfactured by Bakelite GmbH, iseriohn) was chosen. The bundie was fiiied

starting from the bottom, through thesteam inlet line, toavoid airentrainment

in the encapsulant. The epoxy showed some heating during the curing stage but

the shrinkage effect was negligible. After epoxying the bundle the resin was al

lowed to harden for oneweek. Asawwitha 2.3mm-thick diamond blade (mean

diamond size 138 J.Im) of 500 mm 00 was used to cut the slabs at 3200 rpm.

After visual inspection ofthe horizontal sections some 50-mm slabs were verti

cally cut according to Figs. 133 and 134. The vertieal sections are shown in Figs.

135 through 137.

Some sections were selectedfor metallographie examination (Table 12) and had

therefore to be polished. So, the sampies were infiltrated by "Araldit" resin to

dose up residual pores then ground and polished. The entire procedure of the

preparation for the metallographie examination is given with labre 13). The steps

described in the list were performed using a semi-automatic machine with a
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closed water circuit for grinding and an automatie lubrieant feeder for the polish

ing steps.

From the posttest photography and the cross sections one can recognize that

the test bundle is fairly intact up to an elevation of about 200 mm,

the severelyoxidi'zed part of the bundle lies above 400mm,

the central grid spacer is intact (see cross section at 206/208 mm) due to a local

temperature of below 1100 °c,

the upper grid spacer has completely molten away (cannot be detected in the

cross section of 605 mm) due to chemical interactions with the ZrNb1 c1adding

and by reaching the melting point,

the absorber melt has created a partial flow blockage at about 200 mm, Le. at

the location of thecentral grid spacer,

the absorber rod failed at about 210 mm (Le. above this elevation the ab

sorber rod does not exist any more),

the radial deformation of the c1adding, the so-called "flowering" is evident

from about 400 mm upward,

a strong variation of the oxide layer thickness of the c1adding was evaluated.

Moreover, the video observation revealed

- that only a relatively small amount of melt relocated downward,

- that the first droplets of melt could be detected at 4190 s at both inspected

elevations, Le. at 600 and 800 mm (at this time the temperature was in the or

der of 1500 - 1700 oe, Le. in the period of temperature escalation),

- that the first lumps of melt 'v'Vere observed at 4210 sand 4328 sat800 and 600

mm, respectively,

- that the stainless steel grid spacer melted away from 4312 s to 4370 s, Le with

in 58 s (at this time the 600-mm elevation had reached the maximum tempera

ture of approx. 1900 °C).

In general, the material behavior of thisWER-1000-type bundle is comparable to

that of a PWR of Western design /2/.
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,6. Microstructural Post-Test Investigation

In this chapter the final status of the bundle is described on the basis of the

metallographie investigation at four cross sections, beginning with the lowest

elevation. Next, the series of oxide scale thiekness measurements, performed on

fuel rod cladding across the bundle and at the external and internal surface

around the shroud, are presented separately, in order to facilitate the compari

son of different elevations. All the information is interpreted with the ettort, to

reconstruct the bundle degradation mechanisms and sequences. It is mentioned,

that the investigation of other bundle cross sections by the Russian partners is ex

pected to provide confirmatory and complementary information.

6.1 Bundle Elevation 206 mm

At this elevation the bundle is characterized by its still retainedconfiguration

(Fig. 138). Relative to the spacer grid, the fuel rods and the absorber rod, the

shroud is found excentric and slightly tilted. Considerable proportions of the free

volume are blocked by melt, mostly of metallic nature. The annulus between ab

sorber dadding and guide tube is completely filled.

Uniform layers of Zr02 sca!e fol!owed byan a-Zr(O) sublayer, the ß-Zr dadding

matrix, and finally aninteraction zone in contact with the fuel, here denoted as

uranium-modified a-Zr(Q), are observed (Fig. 139, Pos. 1). At other positions,

lenfiCufar scale growth arid spalHng 6f partial fayershave occurred (Pos. 2). Often,
a layer of externallyadhering melt, which wasoxidized and is locally lifted off the

scale, cannot be c1early distinguished from the usually formed thin external

subscale of Zr1 Nb cladding, for which similar morphologies are known from HT

oxidation studies (Pos. 3,4).

Embedded into relocated metallic melt, in this case stainless steel melt with mo

Iybdenum content (originating from dissolved TC dadding) the fuel rod c1adding

got isolated from further steamoxidation (Fig. 140). At Pos. 1 the temperature

was suffidently high to dissolve the scale and to partially melt the c1adding. At

Pos. 3 a delicate sequence of thin, spalled sublayers have been preserved below

the melt,an interesting example of the breakaway oxidation phenomenon /4/.

The oxidation of the shroud has resulted in scales with considerable azimuthai

thickness variation and, ünexpectedly, the external scales are in general thicker

than the internal ones(Fig. 141).
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6.2 Bundle Elevation 392 mm

According to Fig. 142 the bundle is characterized by strong degradation of ab

sorber rod, spacer grid, and fuel rod c1adding compared to relatively intact fuel,

and relatively small fractions of retained melt.

The c1adding oxidation is almost complete, even for tuel rads of the second ring,

which show complete conversion of the cladding to Zirconia (Fig. 143). The

morphologies allow to distinguish the already discussed bulged surface layer

(Pos. 2), the bulk scale, which was formed by solid state oxidation, and the inner

oxidized part, wh ich was formed after the melting of the c1adding (Pos. 4). At Pos.

3 external melt has formed a porous, ceramic structure and modified the sub

strate scale morphology.

The shroud oxidation is much advanced, but not complete (Fig. 144). The wall

thickness is larger than the original 1 mm plus the expected increment related

with oxide formation. The thickness increase can only be explained by the as

sumption, that melt, most probably from the molten shroud matrix above, has ac

cumulated between the stabilizing external and internal scale. Theshroud

microstructures confirm this interpretation in so far, as shroud melting is indi

cated by duplex a-Zr(O) +Zr02 phase distribution with obviously flat oxygen con

centration profiles. In addition, also interference with other meit, originating

fiOm steel structures is identified, according to the special microstructures, Fe

mQdlfi~g ZJ02 in Fig. 7, p()s.? ~md Fe-modifi~d ~I'Q2+(~r,Q) at Pos. 4. This con

tamination might have penetrated from the internal side into the shroud wall.

This would also explain the observation, that the internal scale is generally thin

ner than the external scale: Eutectic formation between the steel-rich melt and

the shroud could have protected the internal shroud surface from extensive oxi

dation.

6.3 Bundle Elevation 605 mm

At this elevation the bundle is characterized by accumulation of melt, resulting

mainly from fuel dissolution into molten c1adding, which has occurred here and

above (Fig. 145). The absorber rod arrangement has completely disappeared, the

spacer grid is almost destroyed, ca. one third of the shroud is missing.

The dadding oxidation, as illüstrated in Fiq. 146 for corner rods of the second

ring, was almost complete. Obviously, simultaneous reactions, competing with
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the externat c1adding oxidation by steam, have been the internat clad metting

and fuet dissolution (Pos. 1), the axial splitting of the c1adding, its opening under

oxide growth stresses (the so-called flowering), the penetration of melt into the

rod (Pos. 3) and the melt relocation downwards and outwards.

The shroud oxidation is not yet complete at all circumferential positions, accord

ing to duplex matrix microstructures of some remaining metallic a-Zr(O) together

withZr02 (Fig. 147), Pos. 2 to 4). With theincreased total wall thickness and the

relatively thin or even missing internat scale the shroud oxidation corresponds to

that of the already discussed elevation at 392 mm.

6.4 Bundle Elevation 910 mm

At this elevation the bundle is characterized by completely oxidized (and "flow

ered") c1adding residues, oxidized fuel interaction melt, in contrast to a pool of

other retained, still metallic melt (Fig. 148). A wide spectrum of pellet conditions

and the absence of absorber rod and shroud should be mentioned.

The oxidation status of the dadding, as shown in Fig. 149, is that of a complete
conversion of the total wall (Pos. 1) or the residual wall fraction (Pos. 3) to oxide.

Melt. in external or interna! contact, exists in oxidized form.

6.5·· Quantitative Results on FuelRodEladding and-Shroud-6xidation

In order to quantify the extent of oxidation of the fuel rod c1adding and the

shroud, series of Zr02 scale thickness measurements have been performed at the

aiready discussed bundle elevations 206,392,605 and 910 mm.

Theminimum /average I maximum values for the individual fuel iOds are based

on typical local values obtained at several circumferential positions with free

steam exposed scale surface. They include not only the internat partial scale,

grown after c1ad melting, but also the oxidized originally molten reaction zone

with the pellet, since these zones cannot be easily distinguished in the oxidized

condition. In order to draw oxidation profiles across the bundle, pairs of measure

ments at opposite sides in the 90°/270° direction were included for the two lowest

elevations. The shroud oxidation was determined on both sides every 20° around

the circumference.
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Cladding oxidation profiles across the bundle in the 900 to 2700 direction along

the central row of five rods and the parallel rows of four or three rods are drawn

for the 206 mm elevation in Fig. 150. The metal consumption in % of the original

wall thickness was estimated on the basis of a Pilling-Bedworth ratio of 1.56. The

central profile is rather flat and decreases sharply towards the small internat

shroud scale values. The parallel profiles, as far as measurable, are comparatively

low. The respective values at the 392 mm level are more than an order of magni

tude higher (Fig. 150). Compared to the central profile, by chance rather regular,

the parallel side profiles are very unsystematic. Low values are the consequence

of partial c1adding meltdown before complete oxidation. Temporal contact with

reiocated meit could also have deiayed the ciadding oxidation locally. The high

scale thickness values aiways include the contribution of agglomerated and sub

sequently oxidized melt. In total the observed disturbances of the oxidation pro

files have been explained.

The plot of the shroud oxidation around its circumference at the 206 mm level is

rather complex (Fig. 151): Some high external side values are comparable to the

c1adding oxidation at this elevation. A certain correlation between the both sides

is obvious, the internaioxidation is generally less advanced or even negligible at a

few position. The corresponding plot at the 392 mm elevation (Fig. 151) combines

the smooth externa! sca!e curve with the fluctuating interna! sca!e curve. Similar

results are drawn for the 605 mm elevation in Fig. 151. Here the smooth addi

tional curve for total oxidation, the percentage of c1adding conversion to oxide,

was definecfasthe fradionaTHliCl<ness6fbotllsEales piüscfnecesfimated-volume
fraction of Zr02 in the ceJamic/me~allicmatrix. The discrepancy between thin

scales, as measured, and the high oxygen content of the wall matrix, as deduced

fiOm the microstructure, are the typical resu!t of fast, equilibrating oxygen diffu

sion in the liquid state, in which a strong dissolution tendency was moderating
.0;1.; ,;.1- -"0"'.0;1.; T&":S :_.o;... ~ ....~~ ...+...+: ...... "' alo"'''' ....1 0 """'" "''''+ evnlain +he sl'Y'laller 5,.",10UI~ :>~dl~ ~I VVllI. 1111 IIlll::ljJll::l.CIl.IVII I '"C U C.;J IIV," "' .... ' 111,"11 .11 11 ..........

thickness at the inner side. Here the already mentioned interaction with other

metallic melt has occurred, deduced from the iron contamination of the shroud.A

further, most probable explanation is that spalling of scale has occurred during or

in the cooldown phase of the transient. Consequently, the measured thickness

values of the internat side of the shroud would not be adequate for a comparison

with oxidation calculations.
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The axial oxidation profile along the bundle, drawn- in .Fig. 152, shows unimpor

tant differences between the average values for central rod, first and second ring,

but broad scatter bands and a steep axial increase to theplateau of complete oxi

dation.

6.6 Summary of the Microstructural Post-Test Investigation

Morphologies of oxidized c1adding indicate the formation of regular sublayers

or, locally observed, forms of lenticular scale growth or spalling of scale

sublayers.

Towards complete external steam oxidation the fuel rod c1adding is also de

graded by melting and fuel dissolution together with deformation ("flower

ing") and embrittlement.

Lateral c1adding oxidation profiles across the bundle are rather flat, but dis

turbed and therefore irregular, at the lowest elevation due to resolidified me

tallic melt, at the higher elevations due to partial meltdown before oxidation

or melt agglomeration and continuing oxidation.

According to the axial c1adding oxidation profile more than half of the bundle

length is completely oxidized.

Th~ ~hr()YQ (»)(iQCitign pr()fil~~ Cif()ynQ th~ circymfer~n<:~e()l1fiJrT1 the P(Q

nounced axial gradient and indicate considerable azimuthai variations and

disturbances in relation with shroud melting and eontamination by melt, wall

thickening and loeal seale spalling.

The lower half of the bundle has retained relatively intaet fuel pellets eom-

pared tö the advanced degradationöf öther cömpol1entsand the relo<:atiöl1

of metallic melt.

The upper half of the bundle has experieneed strong melt formation and relo

cation due to fuel dissolution as weil as strong degradation of all components

by ehemical interactions and fragmentation.
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7. Post-Test SEM/EDX Examination

Four cross sections of the fuel rod bundle CORA-W2 were chemically analyzed by

SEM/EDX (scanning electron microscope, energy dispersive X-ray) examinations

to

- describe the high-temperature reaction behavioramong the bundle compo

nents, and to

provide reference chemical compositions of typical phases (reaction products,

solidified melts).

The measurements were performed with a SEM type JEOL 6100. For the EDX ex

amination a newly developed light element (B, C, N, 0) detector was used (Quan

tum 3600 - 19, Kevex).

Altogether 13 cross sections of the bundle CORA-W2 were metallographically

prepared and chemically analyzed by MPA or SEM examinations in Germany and

Russia. In the following chapter only the examination results of tour cross sections

are described which were examined in Germany (Figure 1); the other nine cross

sections were analyzed in Russia. Therefore, the summary description of the

chemical behavior of the bundle CORA-W2 in this report has to be considered as

preliminary. An independent joint report will be prepared which wiii contain a

detailed description of all destructive post-test examination results obtained in

<iermc'3IlY c'3DcI RlJssiCi.

The objective of the SEM/EDX examinations has been to describe at each exam

ined cross-section elevation

- the tuel/ciadding chemical interactions,

- the cheiiiital behaVior ofth B4Cabsorber assemb!y,

- the chemical behavior of the shroud, and

- the chemical composition and homogeneityof the solidified melts.

At the examined lowest cross-section elevation CORA-W2-d (206 mm) the major

ity of the reaction products and relocated and solidified melts are metallic in na

ture. The B4C absorber assembly is still present. At all the other examined cross

section elevations CORA-W2-g (392 mm), W2-k (605 mm), and W2-p (910 mm) the

reaction products arid a great part of the once molten material are oxidized. The

absorber assembly has dissappeared at these elevations (Figure 153).
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7.1 Cross-section Elevation CORA-W2-d (206 mm)

The cross section W2-d is shown in Figure 154. The original arrangement of the

heated and unheated rods, the B4C absorber assembly, the stainless steel spacer

grid, and the shroud can still be recognized. Various metallic melts relocated to

this elevation and solidified. The heat content of the melts resulted in localized

onset of melting of the ZrNb1 shroud and dadding and caused intensified ehern i

cal interactions with the U02 fuel. The B4C absorber assembly is still present at

this bundle elevation; the gap between the stainless steel guide tube and stain

less steel c1ad B4C absorber rod is filled with once molten material. The B4C was

chemically attacked by thestainless steel. The cross section also exhibits the great

number of thermocouples which were used for temperature measurements. Es

pecially at higher cross-section elevations, which reached higher temperatures,

the thermocouples participated in the chemical interactions.

The examined locations of the cross section are indicated by numbers. Melts were

analyzed with respect to their homogeneity at different spots indicated by let

ters.

7.2 Cross-Section Elevation CORA-W2-g (392 mm)

Thecross section W2-g is shown in Figure 155. The c1adding of the fuel rods has

partially melted and relocated to tower bundle elevations; the remaining part

nasb-ee-noxiaized.The molfen parToffhe c:laddlnghasbeen oxidized later in the

course of the test. The molten c1adding dissolved apart of the U02 fuei. The B4C

absorber assembly has been destroyed; some of the B4C absorber material re

mained at this elevation. The shroud was partia!ly molten and the post-test wall

thickness is much thicker than the original one before the test.

7.3 Cross-Section Elevation CORA-W2-k (605 mm)

The cross section is shown in Figure 156. The destruction of the individual fuel

rods is stronger and the fuel dissolution is more intensive than at the lower cross

section elevations. A great part of the molten material remained at this elevation.

The absorber assembly has completely melted and relocated. The cladding par

tially dissappeared and the remaining part is fully oxidized. The shroud has a simi-
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came thicker due to interactions with relocating melts and failed locally.

7.4 Cross-Section Elevation CORA-W2-p (910 mm)

The cross-section is shown in Figure 157. One can recognize the strong destruc

tion of the bundle arrangement at this elevation. The B4C absorber assembly dis

appeared completely. The molten part of the c1adding relocated and dissolved

some U02 fuel; the remaining part of the cladding is completely oxidized. Some

once molten material remained at this elevation. The shroud is completely miss

ing (either destroyed during the test or during dismantling of the bundle).

7.5 Chemical Composition of the Melts

The chemical composition of the various melts at different cross-section eleva

tions is Iisted in Tables 14 and 15 and plotted in Figure 158 as a function of the

axial bundle elevation. The results indicate that at the lowest examined cross

section elevation of 206 mm all melts are metallic in nature. The melts consist

mainly of stainless steel components with verJ small amounts of Zr (1 - 2 vvt. %)

and some Mo (3 - 7 wt. %), which is coming tram the thermocouple material; and

no U, B, C or O. This is an indication that the melts formed rather early during the

high-temperature transient by liquefaction of the absorber assembly and reloca

tion to this bundle elevation. At this early stage of bundle degradation the

cl1erriiCal interaetions of the stairiless steel melts wilhötnel'bundlecOmpOnenfs

or the steam environment are very small.

At the higher cross-section elevations, besides the metallic melts, also ceramic

(U, Zr)02 melts of different chemical composition can be recognized. The average

Zr content of the mixed oxide decreases from about 55 to 38 wt. % with increas

ing bundle elevation; the average U concentration increases simultaneously from

about 14 to 41 wt. % (Figure 158). Theconcentration of the stainless steel compo

nents in the (U, Zr)02 mixed oxide varies between 0 and 10 wt %. In some cases al

so some Mo, Wand Nb can be detected (Tables 14, 15). The metallic melts at the

higher cross-section elevations 392, 605 and 910 mm are rich in Zr, Mo, U and B

and contain various concentrations of stainless steel components and some oxy

gen. In some metallic melts also Wand Nb is present.
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It is interesting to note the behavior of C of the B4C absorber material; it could

neither be detected in any once liquid nor in any solid phase. B is concentrated in

the metallic melts.

7.6 Summary of the Post-Test SEM/EDX Examination

The post-test examination results show the strong impact of the B4C absorber as

sembly and stainless steel grid spacer on the early damage progression of the

VVER-1 000 fuel rod bundle simulator. The stainless steel of the absorber assembly

and/or grid spacer interacts eutectically with the ZrNb1 c1adding tubes. This re

sults in liquid phase formation below the melting point of the c1adding. In many

fuel rods, which showed still an intact c1adding tube, a solidified (Zr, Fe, Cr, Ni, 0)

melt could be detected inbetween the U02 pellet and the Zr02 layer on the c1ad

ding outer surface. This indicates a Iiquefaction process of the "oxygen-poor"

c1adding by stainless steel in axial direction over long distances.

During the high-temperature transient the ZrNb1 c1adding interacts with U02

forming the typical solid state interaction layers [a-Zr(O,U), (U, Zr) alloy, a-Zr(O)].

At temperatures above the me!ting point of the cladding, extensive fuel dissolu

tion occurred forming larger quantities of a-Zr(O, U) and (U, Zr)02 reaction pro

ducts at higher bundie eievations.

The impact of the thermocouple materials and the tungsten heaters on the melt

downDenci"Torolfhe-fuel-rodsfmülciror rsproJjäblynegTigible~DcfmageTnTfiafion
and damage progression is caused exclusively by the bundle components.

Whereas in other CORA tests with B4C absorber rods the absorber material relo

catedcompletely to the lower bundle elevations in the test CORA-W2 some boron

remained within the bundle (fixedinmetallic melts).This observation maybe im

portant with respect to accident management considerations.
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Fig. A23 CORA-W2; Temperatures at fixed elevations, pre-heat phase (-50, -200,
300 mm)



Table 1: CORA Test Matrix
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Max.
Test Cladding Absorber OtherTest Date ofTestNo. Tempera- Material Conditions

tures

2 "" 2000°C - U02 reter., inconel spacer Aug. 6,1987

3 "" 2400°C - U02 reter., high temperature Oec. 3, 1987

5 "" 2000°C Ag, In, Cd PWR-absorber Febr. 26, 1988

12 "" 2000°C Ag, In, Cd quenching June 9, 1988

16 "" 2000°C B4C BWR-absorber Nov. 24, 1988

15 "" 2000°C Ag, In, Cd rads with internat pressure March 2, 1989

17 "" 2000°C B4C quenching June 29, 1989

9 "" 2000°C Ag, In, Cd 10 bar system pressure Nov. 9, 1989

7 I < 2000°C I Ag, In ,Cd I 57-rod bundle, slow cooiing Febr. 22, 1990

18 < 2000°C B4C 59-rod bundle, slow cooling June 21, 1990

13 "" 2200°C Ag, In, Cd
OECO/ISP; quench initiation

Nov. 15, 1990
at higher temperature

29* I "" 2000°C I Ag, In, Cd I pre-oxidized, I April 11, 1991 I

31* "" 2000°C B4C slow initial heat-up ("" 0.3 K/s) July25,1991

30* "" 2000°C Ag, In, Cd slow initial heat-up ("" 0.2 K/s) Oct. 30, 1991

28* "" 2000°C R.. (' nr~-nyi('ji7~r1 I=~hr 71:\ 1QQ7-...- .-' - _..._._-- • __ •• __ , 1 ___

"" 2000°C Ag, In, Cd
cold lower end

July 16, 199210
2 gIs steam flow rate

33 "" 2000°C B4C
dry (are (onditions,

Oct. 1, 1992
no extra steam input

W1 "" 2000°C - VVER-test Febr. 18, 1993

W2 "" 2000°C B4C VVER-testwith absorber April 21, 1993
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Table 2: Design characteristics of test bundle CORA-W2

Bundle type: WER

Bundle size: 19

Number of heated<rods: 13

Number of unheated rods: 5

Pitch: 12.75 mm

Cladding outside diameter 9.13 mm

Cladding inside diameter: 7.72 mm

Cladding material: ·Zr-1%Nb

Heater: - material Tungsten (W)

- diameter 4 mm

Fuei pellets:

Pellets stack:

U-235 enrichment

Grid spacer

eh ............ 
JIIIVUU

- heated rods

- outer diameter (nominal)

- diameter of central void

- unheated rods

- diameter of central void

- heated rods

- unheated rods

- material

- height

- number

- location by elevation of upper

edges (trom level 0 mm)

- ",ateiial
- wall thickness

- outer dimension

-Iength

U02 annular pellets

7.57 mm

4.2mm

U02 annular pellets

2.4mm

Oto 1000 mm

-142/-192 to 1400 mm

0.3%

Stainless steel: 1.4541

(06Ch18N10T and

08Ch18N10T)

20mm

3

-5; 210; 610 mm

Zr-1%Nb

1.0mm

68mm

1195 mm

Absorber rod - material

- c1adding

- c1adding OD

- c1adding 10

Absorber rod guide tube - material

-00

-10

B4C

Stainless steel

8.2mm

7.0mm

Stainless steel

12.6 mm

11.0mm
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Table 3: Thermocouples used in the CORA-WER TEST
CORA-W2 (with absorber rod)

1. *) 2. *) 3. 4. 5.

Thermo- WRe 5 %- Cr/AI WRe 5 %- WReS %- NiCr/Ni AI

element WRe20% WRe26% WRe26% (Type K)

wire

Insulation BeO MgO Hf02 Hf02 AI203

Cladding Mo-ZrC- SS Niobium + Niobium Stainless steel

Mo-MoSi2 Zry-4

Outer 2.3 1.1/0.8 2.3 1.5 1.0

Diameter
I I i

[mm]

Positions In the center Between At the outer Atthe grid At the lower'

for andouter the dad- surface of spacer part of heated

measure- I surface of I ding ofthe heated rads, I rods, of grid I

ments unheated absorber of the shroud spacer,ofthe I
rods rod and and of the shroud and insu-

the guide shroud insu- lation, for gas Itube lation temperature,

temperature of

the bundle

flange and of

the steam

entrance

*) Russian design
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Table 4: CORA-W2; Positions of thermocouples of
test bundle CORA-W2

Positions of thermocouples in
unheated rods (CORA -W 2)

810t Elevation Rod
Number [mm] Number

105 1150 2.2
104 1050 2.4
102 950 3.0
103 850 2.6
101 750 2.0
222 650 3.0
223 550 2.6
221 450 2.0
225 350 2.2
224 250 2.4

Positions of thermocouples at
unheated rods (CORA-W 2)

810t Elevation Rod
Number [mm] Number

110 1147 2.2
109 1050 2.4
107 950 3.0
108 821 2.6
106 850 2.0
228 750 3.0
244 750 2.2
242 650 2.4
229 646 3;0

226 550 2.0
230 531 2.6
227 450 2.0
241 421 2.6
245 350 2.2
243 250 2.4

- .... ..

Positions of thermocouples at
absorber rod (CORA-W2)

810t Elevation Rod
Number [mm] Number

231 ~OO 2.8
232 600 2.8
233 200 2.8

Positions of thermocouples at
guide tube of absorber rod

Cln+ CI_,'I"'\+i_ .... On""
I VIVL L.IOVQLlVII 11UU

Number [mm] Number
131 1250 2.8
111 1031 2.8
246 791 2.8
247 599 2.8

Positions of thermocouples at
guide tube of absorber rod

810t Elevation Rod
Number [mm] Number

248 386 2.8
249 181 2.8

Positions of thermocouples
at heated rods (CORA-W2)

810t Elevation Rod
Number [mm] Number

132 1450 3.1
133 1350 4.3
112 1250 3.3
113 1150 4.5
114 1050 3.7
115 950 1.1
116 950 5.1
117 850 4.1
118 750 5.3
250 650 3.3
251 550 1.1
252 550 4.1
253 450 4.9
254 350 3.1

.255 250 4.3
256 150 4.7
234 50 3.7
235 -50 4.5

Positions of thermocouples
at grid spacer (CORA-W2)

810t Elevation Direction
Number [mm] ofTE

t)l::7 ann ano" .... , vvv vv

258 600 2400

259 200 600

260 200 2400

261 -15 600

262 -15 2400

Positions of thermocouples
for gas (CORA-W2)

810t Elevation Direction
Number [mm] ofTE
- 119 1350 no

v

120 1250 2100

121 1150 1500

134 1491 1200

135 1451 1800

Positions of thermocouples
at shroud outer surface (W2)

810t Eievation Direction
Number [mm] ofTE

122 1150 3000

123 1050 2400

124 950 1200

125 850 1800

126 750 600

211 650 1800

212 550 00

213 450 2400

214 350 600

215 250 00

216 150 3000

236 50 1200

Positions of thermocouples at
shroud insulation(CORA-W 2)

810t Elevation Direction
Number [mm] ofTE

217 650 2400

218 550 2400

237 450 2400

238 350 3000

239 250 3000

263 150 3000

264 50 3000

265 950 00

266 850 00

267 750 00

Positions of thermocouples
steam distribution tube(C-W2)

Cln+ - r::töijl'j,firirii nir;"",..+i,;.;.: .....-
VIVL L-.li;;iVQUVII LJIIOvLlVl1

Number [mm] ofTE
268 0 1800

269 0 1800

270 -50 150

271 -50 1950

272 -50 1650

273 -50 3450

274 50 3000

275 -250 3000

62 -300 1800



Table 5: CORA-W2; Positions of thermocouples in the high-temperature shield

-
ANGLE L 300 550 750 1200 1450 1650 2100 2350 2550 3000 3450

-RADIUS
153 '153 153 153 153 1S3 172 192 255 293153 153 153 153 153

(mm)

12!i0 174
33Ni

11S0 175
56Ni

-
10S0 176

55Ni

9S0 162 166 170 177 188 191 194 197
54Ni 53Ni 52Ni 51Ni 29Ni 30Ni 3BNi 39Ni

-----aso 118
24Ni

-
7S0 179

23Ni
-

6S0 180
22Ni

1'---
169 173 1181 189 192 195 1985S0 slot161 163 165 167 171

19Ni 1BNi 17Ni 16Ni 15Ni 14Ni 13Ni 12Ni 20Ni 21Ni 36Ni 37Ni

4S0 182
I

UNiI

3S0 1183
10Ni

2S0 1184
9Ni

1S0 1185
BNi---r--- --

510 164 168 172 1186 190 193 196 199
5Ni 4Ni 3Ni 2Ni 6Ni 7Ni 34Ni 35Ni

-50 187
1Ni

ül
(JJ

I
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Table 6: Sequence of events in test CORA-W2

- 10500 s Start of the argon injection of 3 gis into the bundle (F408)

- 8400 s Argon injection increased to 8 gis

- 8400 s Begin ot the argon injection (F402) for videoscopes and

bundle head plate with 4 gis

- 6300 s Argon injection into the bundle (F408) increased to 10 gis

- 1 800 s Argon injection in the bundle reduc:ed to 8 gis

300 s Total argon injection (F402) 6 gis: 0.62 gis for videoscopes

and 5.38g/s for the bundle head plate

Os Start of the bundle heating (0.52 KW)

2700 s Argon injection in the bundle reduced to 6 gis

3000 s Start of the transient with a linear electric power input rate

(Initiai value 1.6 kW, Final value 14.3 KW)

3300 s Begin ofthe steam injection: 4 gis

4100 s Begin of the temperature escalation

4500 s Electric power reduced to 0.52 KW

4700 s Heating of evaporator and superheater turned off
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Table 7: Temperatures [OC] of test CORA-W2 for
different components at 0 seconds

~4U43650

Components
Elevation Heated Unheated rod Guide Shroud Shroud HTS
[mm] rod tube insulation 153mm

Central Outer
position surface

1450 41
1350 58
1250 176 118 91
1150 289 345 233 101
1147 326
1050 347 371 362 312 101
1031
950 370 378 371 325 151 99
850 383 389 380 332 155 95
821 384
791 390
750 383 (370) 390 333 146 93
650 394 409 399 349 159 92
646 396
599 399
550 405 415 404 345 172 91
531 I I 403 I

450 399 422 408 359 166 89
421 406
386 406 I
350 410 433 416 362 132 85
250 410 443 422 363 167 78
181 411
150 402 368 165 82

-.., " . f""-' -,.,

-50 295 75



-41-

Table 8: Temperatures [Oe] of test CORA-W2 for
different components at 3000 seconds

77
86384

305
44........0

·50

Componenis
Elevation Heated Unheated rod Guide Shroud Shroud HTS
[mm] rod tube insulation 153mm

Central Outer
position surface

1450 42
1350 58
1250 185 121 93
1150 335 394 263 110
1147 368
1050 418 439 427 369 110
1031
950 466 463 456 390 166 107
850 461 469 (727) 395 171 102
821 465
791 467
750 467 (341 ) 467 397 159 101
650 472 483 466 407 170 98
646 467
599 465
550 475 476 469 396 186 97
531 462 I
450 463 478 468 404 177 93
421 458
386 460
350 467 484 466 406 140 89
250 443 473 462 393 176 80
181 445

...... 150 434 .. 384· 170 85
r r ,-
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Table 9: Sampies taken from the tested bundle
CORA-W2 prior to encapsulation

Sampie
No.

W2-l0l

W2-l02

W2-l03

Elevation

Below the bottom of
the bundle

Below the bottom of
the bundle

Below the bottom of
the bundle

Remarks

1 lump of melt ä;
for chemical analysis

Several spheres of melta ,
approx. 2 - 4 mm diameter;
for chemical analysis

Several spheres of melta ,
approx. 2 - 4 mm diameter;
for investigation with the optical
microscope

a Melt probably mainly contains boron carbide (B4C)/steel
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Table 10: Chemical analysis of sampies taken from
the bottom of bundle CORA-W2

Element W2-101 W2-102
[%] [%]

Fe 71,3 68,2

Cr 14,2 13,1

Ni 11,4 10,7

B 1,1 2,3

Ag < 0,1 < 0,1

Cd < 0,1 < 0,1

In < 0,1 < 0,1

u

Zr

< 0,1

< 0,1

< 0,1

0.1

W2-101

Sn < 0,1 < 0,1

Ca . {),2' ..... . <e,l .. I·
...

Mg < 0,1 < 0,1

Cu 0,1 < 0,1

Zn < 0,1 < 0,1

Mo 0,5 2,9

W < 0,1 < 0,1

pH - -

Leitf. - -

W2-102
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Table 11: Cross sections of test bundle CORA-W2

Sampie

W2-a

Sampie
length

xxx mm

Axial
bot tom

-xxx mm

position
top

-15 mm

Remarks

Remnant

---------------------------------------------------------------------------------------------
Cut

W2-b

Cut

W2-c

Cut

W2-01

Cut

2 mm

100 mm

2 mm

50 mm

2 mm

13 mm

2 mm

-13 mm

89 mm

141 mm

87 mm

139 mm

154 mm

Lower grid spacer

Cross section

---------------------------------------------------------------------------------------------
W2-d 50 mm 156 mm 206 mm Additional longitudinal cut

---------------------------------------------------------------------------------------------
Cut

142-02

Cut

W2-e

Cut

2 mm

13 mm

2 mm

50 mm

2 mm

208 mm

223 mm

221 mm

273 mm

Central grid spacer

Cross section

Additional longitudinal cut

W2-f

Cut

1012-03

50 mm

2 mm

13 mm

275 mm

327 mm

325 mm

340 mm

Additional longitudinal cut

Cross section

-------------------------------------------------------------~-------------------------------
Cut

W2-g

Cut

W2-h

Cut

W2-i

Cut

W2-04

Cut

2 mm

50 mm

2 mm

50 mm

2 mm

50 mm

2 mm

13 mm

2 mm

342 mm

394 mm

446 mm

498 mm

392 mm

444 mm

496 mm

511 mm Cross section



W2-j

Cut

W2-k

50 mm

2 mm

40 mm

513 mm

565 mm

-45-

563 mm

605 mm

---------------------~-------------------------------- ----- ..---------------------------------
Cut

W2-05

Cut

W2-1

Cut

W2-m

Cut

W2-06

Cut

W2-n

Cut

W2-o

Cut

2 mm

13 mm

2 mm

50 mm

2 mm

50 mm

2 mm

13 mm

2 mm

50 mm

2 mm

50 mm

2 mm

607 mm

622 mm

674 mm

726 mm

741 mm

793 mm

620 mm

672 mm

724 mm

739 mm

791 mm

843 mm

Upper grid spacer

Cross section

Cross section

.................... _ _ _ "'! ,.~'_.~.' _.. _-_ - .._-..-.-..-._-- _ .._- - _ _ -

Cut

W2-p

Cut

W2-q

Cut

W2-08

Cut

W2-r

Cut

W2-s

13 nlll'l

2 mm

50 mm

2 mm

50 mm

2 mm

13 mm

2 mm

50 mm

2 mm

50 mm

845·mm

860 mm

912 mm

964 mm

979 mm

1031 mm

858 mm

910 mm

962 mm

977 mm

1029 mm

1081 mm

Cross section

Cross section

2



Cut

W2-09

Cut

W2-t

Cut

W2-u

2 rnrn

13 rnrn

2 rnrn

50 rnrn

2 rnrn

xxx rnrn

1083 rnrn

1098 rnrn

1150 rnrn

-46-

1096 rnrn

11lJ8 rnrn

xxxx rnrn

Cross section

Rernnant

3



-47-

Table 12: CORA-W2; Polished sampies

• W2-01 bottorn 141 rnrn -+ Moscow

• W2-02 bottorn 208 rnrn -+ Moscow

• W2-03 bottorn 327 rnrn -+ Moscow

• W2-04 bottorn 498 rnrn -+ Moscow

• W2-05 bottorn 607 rnrn -+ Moscow

• W2-06 bottorn 726 rnrn -+ Moscow

• W2-07 bottorn 845 mrn -+ Moscow

• W2-08 bottorn 964rnm -+ Moscow

• W2-09 bottorn 1083 rnrn -+ Moscow

• W2-d top

• W2-g top

• W2-k top

• W2-p t()p

206 rnrn (to be cornpared with W2-02 bottorn) -+ KfK

392 rnrn ---+ KfK

605 rnrn (to be compared with W2-05 bottorn) -+ KfK

910 mrn -+KfK



Table 13: Proeedure of the preparation of the sampies for the metallographie examination

Horizontal grinding Grinding Lapping Polishing

Abrasive Corrundum disc 120 pm Diarnond disc 20 11m Petrodisc-M or PAWcloth PAN-W NAP cloth
Diamond disc 64 pm DP Net*)

Partide size Diamond spray 6 pm 6pm 3pm 1 pm

Lubricant Water Water W. lubric. **) W.lub. W.lub. W.lub.

Revolutions of disc 300 rpm 300 rpm 150 rpm (Net) or 150 U/min 150 U/min 150 U/min
300 rpm (Petrod.)

Pressure 200-400 N 200-300 N 200N 100 N 100 N 100 N

Time to level 25min 30min 30min 60min 60min

*) Petrodisc-M and DP Net are registered trade marks 01 Struers company

**) "Whitelubricant" 01Struers; liquid on an oil/alcohollglycerin basis

I
tJ,
I



Table 14: Range of chemical compositiion of various types of melts at differentcross-section

elevations of the WER-1000. bl.lndle CORA-W2
-.

Crc~ss-se(tion Range of chemic:al composition of the examined melts, wt.%
Typeof melt -

E!levation Fe Cr Ni Zr U 0 B C Mo W Nb
,

CORA-W2-d; metallic 67 - 69 14-17 11 1 - 2 - - - - 3-7 - -

206mm

CORA-W2-g; metallic ' 6 - 8 2 0-2 20- 69 7 - 29 2-5 5 - 11 - 10 - 23 - -

~J92 mm ceramic* 1-6 0-2 - 49- 60 10 - 21 15 - 29 - - 0-5 - 4-13

CORA-W2-k; metallic 10 - 19 6-9 2-3 9 - 41 2 - 13 0-7 - - 3 - 39 5 -18 4-7

605mm ceramic* 1 - 10 1 - 4 1-2 38- 62 13 - 39 12 - 24 - - 0-3 5-6 -

COIRA-W2-p; metallic* 4- 17 1 - 4 1 - 3 33 - 59 2 -19 0-9 8 - 14 - 2 - 21 0-2 -

Sl10mm ceramic - - - 34-42 39-44 19 - 22 - - - - -

*) chemical nature of the majority of examined melts at this cross-section elevation

I
~co
I



Table 15a: Average chemic:al compo$ition of various types 01 melts at different cross-section

elevatiom. of the WEIR-1 000 bUl1Idle CORA-W2
, - .

Cross-Section Elevation
Element; , - .

CORA-W2-d; CORA-W2g; CORA-W2-k

M. %
206mm 3192 mm 60Smm

Fe 67 69 67 3 6 8 2 3 6 1 19 17 10 13 10 1-
Cr 17 16 14 1 2 2 - 1 2 - 9 9 4 6 4 -
Ni 11 11 11 - - 2 - - - - 3 3 1 2 1 -
Zr 2 1 1 60 69 20 56 58 49 53 41 38 46 34 38 45

U - - - 13 1 29 21 14 10 14 13 10 19 21 26 33
- -

0 - - - 19 2 5 21 17 15 29 - - 12 9 13 20

B - - - - 5 11 - - - - - - - - - -

C - - - - - - - - - - - - - - - -
, -

Mo 3 3 7 4 10 23 - 4 5 3 5 14 3 3 2 -

W - - - - - - - - - - 11 5 5 4 6 -
Nb - - .. - - - - 4 13 - - 4 - - -

~

01o
I



Table 15b: Average chemical conrlposition 01 varaous types 01 melts at different cross-section

elevatiorls 01 the WEIR-1 000 bundle C.ORA-W2
...

Cr'oss-Section Elevation
Element; , -

CORA·W2-k CORA-W2-p;

605mm 910mm
wt.%

Fe - 11 8 - 10 - :3 10 - 14 11 17 11 15 4 - -

Cr - 6 2 - 3 - " 6 - 3 3 4 3 3 1 - -- -
Ni - 2 2 - 2 - " 2 - 3 2 3 2 3 1 - -

- -
Zr 47 10 51 43 53 62 45 9 39 42 50 33 41 46 59 42 34

- .
U 34 2 20 37 15 13 32 2 39 2 19 19 12 8 9 39 44

0 20 7 17 '20 18 24 19 6 22 - - 7 3 - 9 19 22
, - ...

ß - - - - - - - - - 13 14 14 11 14 8 - --
C - - - - - - - - - - - - - - - - -- ..

Mo - 39 - - - - - 39 - 21 2 3 15 11 10 - -- .
W - 17 - - - - - 18 - 2 - - 2 - - - --
Nb - 6 - - - - - 7 - - - - - - - - -- .

I
(]l.....
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Observation window

Heated

Absorber rod (8, Cl
SS dadding
Guide tube Zr 1%Nb

Shroud insulation
{ Zr02 fiber J'

Snroud
{ Zr 1%Nb J

Bundle WZ

Fig. 5: Rod arrangement and test rod designation
of bundle CORA-W2
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Shroud
Length = 1195 mm

Ttickness = 1 mm

Material =2 pieces ; 140 nun x 1195 mm
2 windows at 120· /800 mm and 900 mm elevation

Window size: 30 nm x 30 mm

SQacer
Length: 20· mm

Thickness = 0.5 mm

56.7

05 _~

Spacer

Shroud
I Zr 1%Nb )

1

66

Fig.5a: Dimensions of test bündle CORA-'lV2
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experiments
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Fig.7: CORA-W2; Absorber rod design
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Probe 1

Flowmeter

(b)

He
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tube Sm
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Fig. 10: Hydrogen measurement
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Fig. 78: CORA-W2; Epoxying process of the tested
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Fig. 82: CORA-W2; Posttest appearance of the entire
bundle length
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Fig.83: CORA-W2; Posttest view of the inner side
of the shroud insuiation
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Fig. 84: Posttest view of bundle CORA-W2 after
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Fig.89: Pnsttost "iOtAI n° nriontatinn. - , '" _ " "._..



-127-

1750

1100 1800

1820

1900

900 1900

Fig.90: Posttest view, 60° orientation
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Fig. 91: Posttest viev", 60° orientation
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Fig. 92: Posttest view, 60° orientation
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Fig. 97: Posttest view, 1200 orientation
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1:':_ 99rlY_ _ Posttest vievv, 1200 orientation
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Fig. 100: Posttest vie\'V, 1600 orientation
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Posttest vie,,'V, 1600 orientation
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Fig. 102: Posttest view, 1600 orientation
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Fig. 104: Posttest vis"'J, 1500 crientation
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Posttest "ie"-I, 240 0 orientation
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Fig. 106: Posttest vieV'/, 240 0 orientation
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Posttest vie\v, 2400 orientation
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Fig. 108: Posttest view, 240 0 orientation
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Fig. 109: Posttest vie\AJ, 240 0 orientation
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Fig. 112: Posttest vie'N, 300o orientation
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Fig. 115: Horizontal cross sections of bundle
CORA-W2, top planes (1148 - 672 mm)

(top)
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Fig. 116: Horizontal cross sections of bundle
CORA-W2, top planes (620 - 206 mm)

(top)
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Fig. 117: Horizontal cross sections of bundle
CORA-W2, boUorn planes (1098 - 622 mm)

(bottorn)
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Fig. 118: Horizontal cross sections of bundle
CORA-W2, bottarn planes (607 - 156 rnm)

(bottom)
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Fig. 119: Horizontal cross sections of bundle
CORA-W2, enlarged views of sections at
1148, 1098, and 1096 mm
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CORA-W2, enlarged views of sections at
1083, 1081, 1031 and 1029 mm
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Fig. 121: Horizontal cross sections of bundle
CORA-W2, enlarged views of sections at
979,977,964 and 962 mm
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Fig. 122: HOiizontal CiOSS sections of bundle
CORA-W2, enlarged views of sections at
912,910,860 and 858 mm
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Fig. 123: HOiizontal CiOSS sections of bündle
CORA-W2, enlarged views of sections at
845, 843, 793 and 791 mm
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Fig. 124: Horizontal cross sections of bundle
CORA-W2, enlarged views of sections at
741,739, 726 and 724 mm
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Fig. 125: Horizontal cross sections of bundle
CORA-W2, enlarged views of sections at
674, 672, 622 and 620 mm
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Fig. 126: HOiizontal cross sections of bundle
CORA-W2, enlarged views of seetions at
607, 605, 565 and 563 mm
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Fig. 127: Horizontal cross sections of bundle
CORA-W2, enlarged views of sections at
513,511, 498 and 496 mm
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Fig. 128: Horizontal cross sections of bundle
CORA-W2, enlarged views of seetions at
446, 444, 394 and 392 mm
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CORA-W2, enlarged views of sections at
342, 340, 327 and 325 mm
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Fig. 130: Horizontal cross sections of bundle
CORA-W2, enlarged views of sections at
275, 273, 223 and 221 mm
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Fig. 131: Horizontal cross sections of bundle
CORA-W2, enlarged views of seetions at
208, 206, 156 and 154 tnm

154mm
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Fig. 133: Position of longitudinal cuts through
sampies CORA-W2-d and CORA-W2-f

Fig. 134: Position of iongitudinai cut through sampie
CORA-W2-e
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Fig. 135: Vertical cross section of bundle
CORA-W2-d, 156 mm - 206 mm
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Fig. 136: Vertical cross section of bundle
CORA-W2-e, 223 mm - 273 mm
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Fig. 137: Vertical cross section of bundle
CORA-W2-f, 275 mm - 325 mm
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Fig.139: Cross section CORA~W2-d (top), elevation
206 mm; cladding oxidation
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Fig.140: Cross section CORA-W2-d (top), elevation
206 mm; claddingin· contact with metallic
melt
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Fig. 141: Cross section CORA-W2-d (top), elevation
206 mm; shroüd oxidation
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Fig~ 142: Cro~s section CORA-W2-g (top), elevation
392 mm; overview

~I

"o
o
("')



I---~I 100 JJrn

-179-

==Po==S=="3====================t-----I======2==00=JJ::::rn======Po==s=="4==========:vmm~'~-~~~'==2==00=JJ==rn
llilll.J'U IM F

Fig.143: Cross Section CORA-W2-g (top), elevation
392 mm; cladding oxidation
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Fig. 144: Cross section CORA-W2-g (top), elevation
392 mm; shroud oxidation
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Fig.145: Cross section CORA-W2-k (top), elevation
605 mm; overview
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Fig.146: Cross section CORA-W2-k (top), elevation
605 mm; cladding oxidation
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Fig.147: Cross section CORA-W2-k (top), elevation
605 mm; shroud oxidation
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Fig. 148: Cross section CORA-W2-p (top), elevation
910 mm; overview
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Fig.149: Cross section CORA-W2-p (top), elevation

910 mm; cladding oxidation
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Fig. 151: Shroud oxidation profiles around the bundle
CORA-W2 at the elevations 206 mm, 392 mm
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Fig.153: Cross sections 01 the bundle VVER-1000/
CORA-W2which were examined by SEM/EDX
analysis at the Kernforschungszentrum
Karisruhe.
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o

Maßstab 2: 1

Fig= 154: Fuel rod bundle CORA-W2; cross-section # d
(206 mm elevation);
Positions 01 SEMiEOX anaiysis.
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Maßstab 2: 1

Fig.. 155: Fuel rod bundle CORA-W2, cross-section # 9
(392 mm elevation);
Positions of SEMiEDX analysis.
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Maßstab 2: 1

Fig .. 156: Fuel rod bundle CORA-W2, cross-section # k
(60S mm elevation);
Positions of SErv1/EDX analysis.



Fig.157:

-193-

Maßstab 2: 1

Fuel rod bundle CORA-W2. cross-section # D- - - .
(910 mm elevation);
Positions of SEM/EDX analysis.
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Appendix

Pre-transient Data

Pre-transient data, i.e. data measured before 3000 s

(begin of the transient) are provided in the Appendix
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H: heated rods
U: unheated rods
X: on unheated rads
I : on absorber

A : on guide tube
ShrI: shroud insulation
Shr: on shroud
Sp : spacer

Fig. A 17: CORA-W2; Temperatures at fixed elevations;
pre-heat phase (650, 600 mm)
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H: heated rads
U: unheated fads
X: on unheated rads
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Shr : on shroud

Fig. A 18: CORA-W2; Temperatures at fixed elevations;
pre-heat phase (550, 450 mm)
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H: heated rads
U: unheated rods
X: on unheated rods

A : on guide tube
ShrI: shroud insulation
Shr : on shroud

Fig. A 19: CORA-W2; Temperatures at fixed elevations;
pre-heat phase (350, 250 mm)
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H: heated rods
I : on absorber
A: on guide tube

Sp : spacer
ShrI: shroud insulation
Shr : on shroud

Fig. A20: CORA-W2; Temperatures at fixed elevations;
pre-heat phase (200, 150 mm)
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H: heated rods
G: gas temperature

Shr : on shroud
ShrI: shroud insulation

Fig. A21: CORA-W2; Temperatures at fixed elevations;
pre-heat phase (50, 0 mm)
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Fig. A22: CORA-W2; Temperatures at fixed elevations;
pre-heat phase (..15 mm)
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Fig. A23:CORA-W2; Temperatures at fixed elevations;
pre..heat phase (-50 mm)




