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Abstract
Slow Heat-up PWR Test CORA-30: Test Results

The CORA out-of-pile experiments are part of the international Severe Fuel Damage
(SFD) Program. They were performed to provide information on the damage
development of Light Water Reactor (LWR) fuel elements in loss-of-coolant

accidents in the temperature range 1200°C to 2400°C.

Test CORA-30 should investigate the fuel element damage behaviour with reduced
initial heat-up rate of about 0.2 K/s compared to the normally used value of 1 K/s.
The lower initial heat-up rate is representative for a loss-of-coolant accident which
may develop after a shutdown of the reactor. The initial increase rate of the cladding
temperature influences the thickness of the oxide layer reached at a given
temperature. The thickness of the protective oxide layer influences the temperature

time behaviour and the extent of the temperature escalation.

Test CORA-30 showed that the temperature escalation takes place also for an initial
heatup rate of 0.2 K/s. The temperature at the start of the escalation was about

150 K higher than in tests with 1 K/s initial heatup. The increase rate of the
temperature reached a maximum of about 2 K/s, a value much less than about

20 K/s reached for an initial temperature increase of 1 K/s. This result is important for

accident management considerations.

The electric power input at the onset of the escalation was lower for CORA-30 by
about 25% in comparison to the other CORA tests. In contrast to the comparable
PWR tests, in which the temperature escalation proceeded downwards to 350 mm
elevation, in test CORA-30 the escalation was confined to the upper half of the

bundle with only a minor temperature increase to about 1250°C at 550 mm elevation.

In agreement with the axial temperature distribution the damage was limited to the
upper half of the bundle. As a consequence of the longer oxidation period the
absorber rod structure survived up to the 600 mm elevation, compared to 250 mm in
equivalent PWR tests. This fact may be of interest for accident management
considerations in connection to the criticality behaviour of a damaged core during

reflood.
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The liquefied material of the bundle relocated and formed two blockages between
the axial elevations 500 mm to 620 mm and 800 mm to 870 mm. These elevations
are 300 mm to 400 mm higher than in equivalent 1 K/s tests. The upper blockage
was mainly formed by ceramic material and the lower one consisted preferentially of

metallic material.

The maximum measured specific hydrogen production rate of 200 mg/s corresponds
to a consumption of 27% of the steam introduced into the bundle. At the time of the
escalation temperature peak the generated chemical energy is twice as large as the
electric input. The totally produced hydrogen of 194 g corresponds to 20 % of the
total energy input. Under the assumption that only the region with a temperature
above 1400°C has contributed substantially to the oxidation, 194 g of hydrogen

correspond to about 80% oxidation of the Zircaloy fuel rod cladding and shroud.
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Zusammenfassung

DWR Versuch CORA-30 mit geringerer Aufheizrate: Versuchsergebnisse.

Die CORA-Out-of-pile-Experimente wurden im Rahmen des internationalen "Severe
Fuel Damage" Programms durchgeftihrt. Sie sollten Informationen tber die
Schadensmechanismen bei Leichtwasser-Reaktor Brennelementen im

Temperaturbereich von 1200°C bis 2400°C liefern.

Im Versuch CORA-30 sollte das Schadensverhalten der Brennelemente bei einem
geringeren anfanglichen Temperaturanstieg von 0,2 K/s untersucht werden. Bei den
meisten CORA-Versuchen betrug der anfangliche Temperaturanstieg des
Hulimaterials etwa 1 K/s. Der geringere Anstieg ist reprasentativ fur Kihimittel-
verlust-Storfalle, die bei einem abgeschalteten Reaktor entstehen kénnten. Die
Geschwindigkeit des anfanglichen Temperaturanstiegs des Hillmaterials bestimmt
die Dicke der Oxidschicht bei derjéweils erreichten Temperatur. Die Stéarke der
schiitzenden Oxidschicht wiederum beeinfludt das Temperatur-Zeitverhalten und

das Ausmal} der Temperatureskalation.

Der Versuch CORA-30 hat gezeigt, dal® auch der langsame anfangliche
Temperaturanstieg in eine Temperatureskalation einmindet. Die Temperatur zu
Beginn der Eskalation lag ungefahr 150 K héher als in Versuchen mit einem
anfanglichen Temperaturanstieg von 1 K/s. Die Temperatureskalation erreichte
einen maximalen Wert von 2 K/s. Dieser Anstieg ist deutlich geringer als die

20 K/s Werte die beim ublichen anfanglichen Anstieg von 1 K/s erreicht wurden.
Dieser kleinere Wert mag von Bedeutung bei Uberlegungen zur Unfallbeherrschung

sein.

Die elektrische Leistung beim Versuch CORA-30, die notwendig war um die
"Starttemperatur” fur die Eskalation zu erreichen, betrug ca. 25% weniger als bei den
Tests mit einem Anstieg von 1 K/s. Im Vergleich zu den Standard-DWR-Versuchen,
bei denen sich die Temperatureskalation bis zu 350 mm hinab ausbreitete, war im
Versuch CORA-30 die Eskalation auf die obere Hélfte des Blindels beschrankt. In
550 mm Héhe bildet sich nur noch ein geringfligiger Temperaturanstieg auf 1250°C

aus.
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In Ubereinstimmung mit dem axialen Temperéturprofi! ist die Schadensentwicklung
auf die obere Halfte des Blindels beschrankt. Als Folge der Iangeren Oxidation blieb
die Absorberstruktur bis zu einer Héhe von 600 mm erhalten im Vergleich zu

250 mm bei dquivalenten DWR-Standardtests. Dieses Verhalten ist wichtig fur

Uberlegungen zum Kritikalitatsverhalten eines zerstérten Kerns beim Wiederfluten.

Die entstandene Schmelze erstarrte in zwei ortlich getrennten Blockaden von
870 mm bis 800 mm und von 620 mm bis 500 mm. Die Blockaden liegen damit
300 mm bis 400 mm hoher als in den &quivalenten DWR-Versuchen. Die obere
Blockade enthielt bevorzugt keramisches Material, wahrend die untere im

wesentlichen aus metallischen Komponenten bestand.

Die gemessene maximale Wasserstoffproduktionsrate von 200 mg/s entspricht
einem maximalen Verbrauch des eingespeisten Dampfes von 27%. Die mit dieser
Wasserstoffproduktionsrate verkntlipfte chemische Energie ist doppelt so grol3 wie
die zu diesem Zeitpunkt eingespeiste elektrische Leistung. Das Energiedquivalent
der insgesamt erzeugten 194 g Wasserstoff entspricht etwa 20% der gesamt

eingespeisten elektrischen Energie.

Unter der Annahme, dall nur Bereiche mit einer Temperatur Gber 1400°C an der
Oxidation teilgenommen haben, entsprechen die 194 g H, einer Oxidation von etwa

80% des Zircaloy-Hullmaterials und des Dampffihrungsrohres in diesem Bereich.

CORA-30



Contents

Abstract

Zusammenfassung

1. Introduction

2. Description of the CORA test facility

3. Test Conduct

4. Temperature measurements

4.1 Temperature in the bundle

4.2 Temperatures of the High Temperature Shield

5. Failure of the absorber and fuel rod simulators

(=

~1

0

&

10.

11.

12.

13.

14.

15.

16.

17.

. Hydrogen generation
. Posttest appearance of the bundle
. Blockage formation and mass distribution

. Summary and discussion

References
Acknowledgements
List of tables

List of Figures
Figures

Appendix A
Appendix B

Appendix C

CORA-30

111

10

11

12

14

17

19

21

22

23

25

43

129

149

167




1. Introduction

The TMI-2 accident has demonstrated that a severe fuel damage transient will not
necessarily escalate to an uncontrolled core melt down accident if the design basis
accident limits are exceeded. Therefore, comprehensive research programs have
been initiated in various countries to investigate the relevant fuel rod bundle damage

mechanisms that occur in an uncovered core, after an increase of temperature.

In the Federal Republic of Germany at the Forschungszentrum Karlsruhe (FZK) the
Severe Fuel Damage (SFD) Program is now co-ordinated by the project Nuclear
Safety Research (PSF) as successor of Project Nuclear Safety (PNS) and LWR
Safety Project Group (PRS). As part of this program, out-of-pile experiments (the
CORA-Program) were conducted at the Hauptabteilung Ingenieurtechnik (HIT).
These experiments have been designed to provide information on the behaviour of
Light Water Reactor (LWR) fuel elements under severe fuel damage (SFD)
conditions up to meltdown. The results of the out-of-pile experiments can be used for

the assessment of the SFD computer codes.

Within the framework of international co-operation the out-of-pile experiments are
contributing confirmatory and complementary information to the results obtained from
the limited number of inpile tests. The investigation of the basic phenomena of the

damage process is supported by separate-effect tests.

The most important aspects concerning fuel rod failure and subsequent core
degradation are the chemical interactions amongst the fuel element components in
competition with the oxidation of the cladding in steam, which causes also the
temperature escalation. Melt formation starts around 1200 °C by chemical
interactions of the Inconel spacer grids and absorber materials (Ag, In, Cd) for PWRs
and B,C/stainless steel for BWRs with the Zircaloy cladding. The dissolution of the
UO, pellets by liquid Zircaloy starts far below the UO, melting point.

Melt formation, relocation, blockage formation and finally fragmentation of fuel
elements during reflooding characterise the degraded core and the potential of long
term coolability. Furthermore the influence of internal pressure of the fuel rods
(ballooning and bursting) and external pressure of the system (solid contact

between pellets and cladding) on the bundle meltdown behaviour was investigated.
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Further on, the investigation of the influence of pre-oxidation, initial heat-up rate,
steam availability, water level in the bundle and bundle size was included in the
program. The damage behaviour of WER fuel elements was the subject of the last
two CORA-tests.

The tests performed in the CORA-facility are listed in the test matrix (Table 1). The
original test matrix was directed towards the behaviour of PWR fuel elements only. In
1988 discussion showed that in most countries using nuclear energy, information on
the behaviour of BWRs in severe accident conditions was needed. In consequence,
five planned PWR experiments were replaced by BWR tests in the revised test
matrix. Also the original sequence of tests was changed, as one can see from the

test numbers.

in this report PWR test CORA-30 is discussed. In all CORA tests except of CORA-30
and CORA-31 the power input was chosen to start the test with an initial heat-up rate
of about 1 K/s. This corresponds to the mean temperature increase of a core, if the
accident develops from a reactor in opération. Probabilistic risk assessment studies
have shown, that the probability for a loss of coolant accident starting from a reactor
shutdown cannot be neglected. Starting from a shutdown reactor means less decay
heat and with this a slower increase of temperature. The initial increase of the
temperature influences the thickness of the oxide layer formed, when a given
temperature is reached. The thickness of the protective oxide layer influences the
time behaviour and the strength of the temperature escalation. The BWR test
CORA-31 was run with an initial increase of 0.3 K/s. In test CORA-30 - discussed in

this report - an initial rise of 0.2 K/s was foreseen.

2. Description of the CORA test facility

The CORA out-of-pile facility was designed to investigate the behaviour of LWR fuel
elements under severe fuel damage accident conditions. In the experiments the
decay heat was simulated by electrical heating. Great emphasis was placed on the
fact that the test bundles contain the original materials used in light-water reactor fuel

elements to investigate the different material interactions.

Pellets, cladding, grid spacers, absorber rods and channel box walls were typical of

those of the investigated LWRs with respect to their compositions and radial
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dimensions. In test CORA-30 the following PWR components were used: Original
UO, pellets, Zry-4 cladding, Zry-4 and Inconel-718 spacer, and (80 Ag, 15 In, 5 Cd)

absorber rods in stainless steel cladding and Zry-4 guide tubes.

Figure 1 gives a simplified flow diagram of the facility. The geometrical arrangement
of the different CORA components is given in Figure 2 The central part of the facility
was the fuel rod bundle. The bundle was enclosed in a Zry shroud with ZrO, fibre
insulation. A high temperature radiation shield surrounded the bundle and shroud
assembly, leaving an annular space for introduction of the quench cylinder. The

bundle was connected to the power supply system at the upper and lower ends.

Below the bundle was the quench unit with a water filled quench cylinder, which can
be raised around the bundle at a controlled speed. The cylinder was guided by three

rods, which also connected the electric power to the bundle lower end.

The bundle upper end was fixed in the bundle head plate. The plate was connected
by a funnel shaped tube to the surge condenser. The surge condenser was double-

walled, leaving access to the bundle end fittings above the bundle head funnel.

The steam was produced in the steam generator, superheated and guided to the
lower end of the bundle. The steam not consumed within the bundle was condensed
in two parallel condensers and thechydrogen produced was fed into the off-gas

system after dilution by air to a low H,concentration.

Bundle design:

The bundle and its surroundings are shown in Figure 3 and 4. The bundle horizontal

arrangement is given in Figure 5 and the bundle components in Figure 6a.

Characteristic data of the bundle are presented in Tables 2, 3 and 4. The bundle

consisted of 16 heated rods, 7 unheated rods and 2 absorber rods inside the Zry

guide tube.

The heated fuel rod simulator was sheathed with standard Zry-4 cladding tube,
containing UO, annular pellets with a central heater. The heater consisted of a

1024 mm long tungsten rod (6 mm diameter), the upper electrode (300 mm
molybdenum; 689-770 mm copper) and the lower electrodes (300 mm molybdenum;
183-219 mm copper). The electrodes have a diameter of 9 mm. The electrodes are

flame-sprayed with 0.2 mm thick layer of ZrO,. Large flexible copper cables provided
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the connection to the electrical system. The resistance of the flexible cables to the
points of voltage measurement for the determination of the power was less than

1 mQ per rod (recommended value: 0.5 mQ).

The resistivities R of tungsten, molybdenum and copper are given respectively in the

following three equations:

R, =2.61e10%+ 2.63¢10“T,, +2.20010°T?,

Ryo = 2.29¢102+ 5.36010°T,,,+ 1.380107T?,, - 2. 226107 T,
Re =7.89¢10°+ 9.90010°T,, - 5.49¢10°T%;, + 3.16¢"' T,
with T in [Kelvin] and R in [Qmm?/m].

The unheated fuel rod simulators consisted of solid UO, pellets and Zry cladding.

The unheated rods extended to about -200 mm elevation, i.e. to about 20 mm above
the initial water level of the quench cylinder (-220 mm). Zry-4 spacers were used at

880 mm and -5mm elevation and an Inconel 718 spacer of + 496 mm (Figure 3).

The absorber rods (Figure 6a) were built from original components: (80 Ag, 15 In,
5 Cd; wt%) absorber alloy in 10,2/11,2 mm stainless steel cladding. The rod was
surrounded by the 12,2/13,8 mm Zry-4 guide tube.

The fuel rod simulators and the absorber rods were screwed into the bundle head
plate, sealing it hermetically. The bundle head plate thus gave the fixed elevation for

the axial thermal movement of the rods.

For upper end bundle cooling the heated rods (the copper electrode inside the Zry-4
cladding) and the connectors for the pressure capillaries and the thermocouples of
the unheated rods were surrounded by water. The water was cooled by a heat
exchanger. Argon was blown against the lower surface of the plate to protect the

sealing in the bundle head plate.

At the lower end the heated fuel rod simulators were cooled by the water of the
quench cylinder. The initial water level was at the -220 mm elevation. The unheated
rods were in contact with the water of the quench cylinder only by the thermocouple
connections. The gross volume of water inside the quench cylinder (230 mm ID) was
about 70 I.
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The bundle was surrounded by a Zry-4 shroud of 1.22 mm thickness. The shroud
conducted the steam through the bundle. The steam entered at an orientation of
180° into the lower end (0 mm elevation). To minimise the heat losses form the
shroud, it was surrounded by a 19 mm (0.75 inch) thick insulating layer of 'ZrO2 fibre.
On account of the low heat conductivity and heat capacity of the ZrO, fibre the
shroud temperature could follow the bundle temperature closely. The shroud
participated in the interaction with steam. The resulting oxidation energy contributed

substantially to bundle heat-up.

The connection between steam inlet at 0 mm elevation and shroud was made by a
stainless steel steam distribution tube. This tube extended down into the water of the
quench cylinder thus forming a lower closure. The time history of the water level in
the quench cylinder showed that there is no net condensation of steam in the quench

cylinder.

At an elevation of 36 mm the steam distribution tube joined into the shroud. From
here the shroud extended in vertical direction for 1231 mm and the insulation for
1036 mm. At 6 elevations (390 mm to 890 mm) windows of 40 mm x 30 mm in the

shroud and shroud insulation allowed the bundle inspection by the video systems.

The annuli between the shroud and the high-temperature shield on one hand and
high temperature shield and pressure containment of the other hand were closed at

the upper end by fibre ceramic layers of 38 mm thickness.

High temperature shield:

To keep the heat losses as low as possible, the bundle was surrounded by an
additional high temperature shield (HTS). The vertical and the horizontal cross-

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

temperature shield consisted mainly of ceramic fibre plates. The inner layer of plates
consisted of ZrO,, and the outer layer of Al,O,. The fibre ceramics were excellent
insulators and had a low density which resulted in a low heat capacity. The thermal

shock behaviour of the fibre ceramics was also extremely low.

The mechanical strength of the high temperature shield was ensured by external
walls of stainless steel (0.9 mm). The fibre ceramic plates were attached to the

stainless steel cover by ceramic nails. The inner ZrO, layer was 38 mm thick, and the
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outer Al,O, layer 76 mm. They were separated by a gap of 23 mm. The distance

from the inner insulation surface to the centre of the bundle was 153 mm.

The high temperature shield was located within the pressure tube. In the pressure
tube a large number of flanges allowed access to the bundle. Through these holes
and their extensions in the temperature shield, the bundle could be inspected during

the test with the help of the videoscope systems.

Heating system:

In CORA-30 16 rods were heated. The rods could be individually connected to three
power systems available. In this test the intended power input was ‘the same for all
rods. Since the voltages and currents of the individual rods were measured, the
power input for each rod could be determined. The power input was controlled by a
computer. The time dependent power history was programmed before the test. The
power was controlled by measurement of the currents of the groups, and by setting

the voltage necessary to obtain the desired power.

3. Test Conduct

In the CORA experiments the following phases for the test sequence were generally
distinguished (Figure 9):

1. 0-3000 s: pre-heating

2. 3000-10500 s: transient

3. > 10500: cooldown.

The pressure in the system was controlled as in all tests to 0.22 Mpa. The argon
input is separated in two parts. First 8 g/s Argon is preheated and entering together
with the steam at the lower end into the bundle (0 mm elevation). The second
amount of 6 g/s is not flowing through the bundle and is used for the protection of the
bundle head plate (4,4 g/s) and for keeping the windows of the videoscopes clean.
The whole second contribution is marked with the label "videoscopes". Both amounts

contribute to the dilution of the hydrogen leaving the facility.

The flow of 8 g/s preheated argon through the bundle and a low constant electric
power input of about 0.52 kW increase the temperature to a level high enough to

avoid condensation of steam (8 g/s) added after 3300 sec.
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During the transient phase the initial temperature increase of about 0,2 K/s was
produced by raising the electric power input from 6 to 22.6 kW (Figure 8). The test
was terminated by turning off the electric power at 10500 s (slow cooldown by heat

losses). The steam input was also stopped at 10500 s.

The boundary conditions during the test are given in detail in Figures 9 to 24.

Figure 9 shows the argon flow within the facility. Figure 10 presents the constancy of
the overpressure of 1,2 bar (2,2 b absolute) in the system. Figure 11 gives the total
electric power input, which was produced by the voltage inputs to the three groups of
rods (Figure 13) and the resulting total current (Figure 15). The electric power input
is controlled by measurement of the voltages of the rod groups and the currents of
the individual rods. Then the computer sets the voltages to give the power required.

The total electric energy input corresponds to the time integral of the power input
(Figure 14).

In Figure 16 the time dependence of the resistance of the bundle is given. Between
6000 and 7000 s a peak can be recognised. The peak is correlated in time to the

temperature peak due to the escalation by the Zry/steam reaction. This behaviour

reflects the strong temperature dependency of the resistance of the tungsten heater.

Comparing Figures 11, 13, 15 and 16 one can recognise, that in the region with fast

changing temperature by the additional exothermal heating the resistance change is
so dominant, that for [inear power increase a faster voltage increase results in a

current decrease.

In Figure 17 the currents of the single rods for the three groups are given. The
irregularities around 6000 s are caused as consequence of the melt formation due to
the temperature escalation peak. The oscillations are much smaller and are
disappearing much faster than in the other tests performed. This is a hint for a

smaller melt formation within the bundle.

The resistance of the rod groups and the single rods are given in Figure 18 and

Figures 19-21. In all graphs the influence of temperature can be seen. The sharp

spikes during power shutdown are artificial due to measurement of voltage and

current at not exactly the same time.
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In Figure 22 the water temperatures in the quench cylinder at -250 mm and -300 mm
are given. The water level at the start of the test was at -220 mm. Due to the longer
test time the maximum temperature values are higher than in the regular tests /15/.
At -250 mm 116°C was reached compared to 100°C and at -300 mm the maximum
value was 100°C compared to 81°C. In the regular tests with larger melt formation,
we get remarkable decrease of the temperature at -250 mm and increase at

-300 mm due to disturbance of the stratification in the quench cylinder by falling melt.
The smooth temperature traces for test CORA-30 with only minor changes after
6000 s hint to much smaller amounts of melt falling into the water of the quench

cylinder.

At -50 mm elevation (Figure 23) the temperatures are measured on the outside of
the steam tube (15° and 195°) and 15 mmAinside the steam tube (165° and 345°).
Between 6000 s and 7000 s the temperatures measured at 165° and 195°, in the
neighbourhood of the steam entrance show a formation of a minimum. In respect to
time this minimum is in coincidence with the exothermal reaction in the upper part of
the bundle.

The temperature of the incoming argon at the steam inlet is measured with two

thermocouples (Figure 24). The resulting measurements give practically the same
value. The increase of the steam inlet temperature is caused by the heat up of the
walls of the connecting tube from superheater to the entrance of the bundle due to

the additional heat capacity of the steam

4. Temperature measurements
The temperatures in the bundle were measured by high-temperature thermocouples
of WReb5/WRe26 wires and HfO, insulating material. The sheath was made of

tantalum and Zircaloy. Thermocouples with "Ker" in the name (Figures 35 and 40)

were additionally shielded with a ZrO, sheath. The measurements in the high
temperature shield were performed with NiCrNi-thermocouples sheathed with

~ stainless steel. Also the compensation cables were sheathed with stainless steel.
The positions of the thermocouples in the bundle are given in Table 5 and Figure 25
and 34 and those in the high temperature shield in Figures 50 and 51.
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The temperature measurements of the bundle are presented as function of time in
the following way: on one hand, the temperatures of the components (heated rods,

unheated rods, etc.) are given in Figures 26 to 33. On the other hand - for

comparison reasons - the temperature measurements for different components are

grouped by axial elevations (Figures 35 to 47). The temperatures of the high

temperature shield are given in Figures 52 to 65.

4.1 Temperature in the bundle

Comparing the temperatures at different radial positions for the same elevation a
very flat radial temperature profile can be recognised. This is due to the bundle
arrangement with the very effective ZrO, fibre insulation (low heat conduction and
heat capacity), which allowed the Zircaloy shroud to participate in the energy
production by the exothermal reaction. The temperatures at the different components
show therefore the same axial behaviour and can be discussed together. The
measurements at the same elevation have therefore been combined to give
representative temperatures for the bundle. The results of this combination are given
in Figure 48 as best-estimate temperatures of the bundle as function of time for
different elevations. In Figure 49 these values are re-arranged as axial temperatures

distributions for different times in the test sequence.

The contribution of the exothermal heating can be clearly seen on the time
dependant temperature graphs of all components. During the - in comparison to the
normal tests - much slower heat-up distinct temperature peaks have formed in the
upper part of the bundle between 6000 s and 7000 s. As in tests with an initial heat-
up of 1K/s the temperature escalation starts in the upper part of the bundle. In
CORA-30 the escalation commences at 950 mm elevation compared to preferentially
850 mm in the normal tests. The temperature at the start of the escalation is about
150 K higher than in tests with 1 K/s initial temperature increase. But the electric
power input at which this "starting temperature” is reached is much lower for CORA-
30 compared to the normal tests (Figure 12). In contrast to the comparable PWR
tests in which the escalation proceeds down to 350 mm elevation , in test CORA-30

at 550 mm only a minor temperature rise was found.

The explanation of the temperature peaks in the upper part of the bundle by the

exothermic reaction is confirmed by the measurement of the hydrogen production

CORA-30



10

rate, which shows a pronounced peak in the same time interval (Figure 66). In
Figure 67 the power corresponding to the measured hydrogen is compared to the
electric power input. At the time of escalation the contribution from the exothermal
reaction is more than two times larger than the electric power input. No influence of
the exothermal reaction is seen in all temperature measurements at 450 mm

elevation and below.

At the beginning of the transient phase the temperature of the bundle is mainly
determined by the temperature of the incoming gas and steam, which is higher than
550 °C. This results in a decreasing axial temperature profile with increasing
elevation with the maximum at the lower end. With increasing power input and
temperature level the incoming steam and gas is cooler than the bundle and acts as
coolant. The maximum of the temperature moves to the upper end of the bundle. At
5500 s a clear maximum of about 1200°C has formed at 950 mm. At this elevation
the temperature escalation is started, but the highest temperature is reached at 1050
mm elevation, where the escalation started about 100 s later. The temperature
escalation developed to about 1150 mm at the upper end and to about 650 mm at

the lower end. At 1250 mm and 550 mm only minor temperature peaks were formed.

The strong axial asymmetry is demonstrated in Figure 46. In the upper picture the
temperature at 50 mm above (1050 mm)and 26 below (-26 mm) the heated region
(tungsten heater) are compared. At 1050 mm the maximum temperature of about
2200°C has developed by the influence of the exothermal reaction and at the lower
position the temperature has only reached about 600°C, far below the temperature to
start an escalation. The primary reason for this asymmetry is the convective cooling
by steam and gas entering at 0 mm elevation. A secondary effect results from the
temperature dependence of the axial electric power profile (P, = I?’R), which is
determined by the dependence of tungsten resistance. The higher temperature in the
upper part results in a higher specific power input. The same asymmetric behaviour
is seen in the lower picture of Figure 46 where the temperatures 250 mm above

(1250 mm) and 250 mm below (-250 mm) are compared.

4.2 Temperatures of the High Temperature Shield

In Figures 52 to 55 the time dependant temperature at the different elevations are

given for the inside surface of the HTS (153 mm radius), inside the insulation
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(192 mm and 255 mm radius) and on the outer surface (293 mm radius). At 1563 mm
radius (Figure 52) the influence of exothermal reaction can be seen in the
temperature peaks down to 390 mm, though in the bundle the temperature peak had
developed only down to 550 mm elevation. After 19 mm of ZrO, fibre insulation and
0,9 mm of stainless steel, the temperature peaks are broadened (Figure 53;

r=192 mm). At 255 mm and 293 mm radius the peaks have disappeared.

In Figures 56 to 60 temperatures are compared at equivalent positions on opposite

sites in the high temperature shield. As can be seen at 153 mm radius for 990 mm
and 890 mm and at 192 mm radius for 950 mm and 750 mm the temperatures at the
positions 75° and 175° in the neighbourhood of the steam inlet (180°) are higher
before the escalation and lower after the escalation than at the equivalent position
(255° + 345°) at the opposite site of the high temperature shield. At 550 mm
elevation (Figure 61) the same behaviour is found for the two positions 165°/345°. At
150 mm elevation the temperature is for the whole time of the test higher at 165°
than at 345°.

In Figures 63 to 65 at 950 mm, 550 mm and about 150 mm the temperatures at the

four radial positions are shown. A steep temperature gradient in the insulation can be
recognised. At 150 mm the temperature at 293 mm is higher than at 255 mm. The
thermocouple at 255 mm is positioned inside the insulation, while at 293 mm the
thermocouple is fixed to the outer stainless steel sheet. The heat conduction in the
stainless steel sheet from the upper much hotter elevations must be responsible for

the higher temperature.

5. Failure of the absorber and fuel rod simulators
For the absorber rod 6.2, the three unheated rods 4.4, 6.4, 6.6 and the heated rod
3.3 the internal pressure was registered to determine the time of rod failure. The

results are shown in Figures 68 and 69. In Figure 70 the failure time of the absorber

rod is compared with the times of first melt movement, seen in the videoscope
investigations. The temperature traces of the absorber rods and guide tubes

(Figure 71) allow by these irregularities to conclude on the time of failure and also on
the temperatures at which this failure takes place. The temperature graphs of heated
and unheated rods in the time span of failure (Figure 72) give the failure

temperatures of the unheated and heated fuel rods.
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From Figure 69 it can be seen, that the absorber rod 6.2 failed between 5620 and
5630 s. In test CORA-30 the data in the main test time are taken at an interval of
10 s. So the decrease of the pressure within the absorber rod to the pressure of the

system took place within this time span.

The same measurement intervals are used for the temperature shown in Figure 71.
One can recognise that the temperature of the thermocouple within the absorber rod
6.2 at 950 mm is decreasing about 200°C also between 5620 and 5630 s. We
assume that this temperature change is caused by absorber melt coming from higher
cooler elevations of the absorber rod in connection with the failure of the absorber
cladding. As the temperature at 950 mm elevation was in the axial maximum region,
the failure of the absorber cladding is assumed to be <1350°C, the temperature of

the absorber rod at the time of failure.

In Figure 70 it is shown that the first melt movement seen by the video inspection
takes place at 5644 s. The delay of about 20 s can be explained by the assumption
that the absorber melt had to dissolve the Zry guide tube wall before it could

penetrate into the bundle.

In Figure 72 the failure times of Figure 69 were used to determine the failure
temperatures of the fuel rod simulators. We assumed, that the temperatures of the
unheated rod 6.4 and heated rod 5.5 at 950 mm were representative for the failure of

the rods.

6. Hydrogen generation

The hydrogen produced during the test by the steam/zirconium reaction was
measured with mass spectrometer systems installed at two positions, i.e. above the
test section, and in the mixing chamber after the gas had passed the condenser (see
Figure 1). The gas at the test section outlet could contain a high steam partial
pressure and had therefore to be diluted by helium before it entered the analyser
through a capillary tube. For this purpose a dilution chamber with flow meters was

installed.

A schematic diagram of the probes, gas lines, and gas analysis systems is provided
in Figure 7. The off-gas mixture which contained hydrogen among other gases is

transported to the spectrometer via capillary tubes. It was analysed by quadrupole
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mass spectrometers of the type Leybold PQ 100. The ion currents representing the
concentration of the respective gases were determined. The production rate of a gas
component was calculated with the ratio of the partial pressure of the particular gas
to that of argon (carrier gas) and multiplied by the argon flow rate through the test

bundle. The hydrogen generation rate was evaluated as follows:

Ry = 20pyFal(22.4ep,) [g/s]

with

R, = mass production rate of hydrogen [g/s]

py = partial pressure of hydrogen

par = partial pressure of argon

F,. = volumetric argon flow through mixing chamber [I/s]

Based on a calibration test with bundle CORA-7, in which a mixture of argon and
30% hydrogen was radially injected into 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 in all CORA experiments. The same calibration tests, however,
show lower increases in the rate of hydrogen production than would be expected
from the injected gas flow. For this reason the measured data were corrected based
on the actual gas concentration, i.e. on the gas input during the calibration test. A
transfer function was determined and applied to the measured data. The results is a

corrected curve that better represents the H, production rate in the test section.

For test CORA-30 the measured as well as the corrected hydrogen production rate
are given in Figure 66. The measured data are obtained from the gas probes of the
mixing chamber. The corrected data are based on the transfer function of the CORA-
7 calibration test. The temperature escalation starts at about 5500 s (Figure 48). This
corresponds to the start of the hydrogen production (Figure 66). Integral values of
the hydrogen production are shown in the lower picture of Figure 66. The total
produced hydrogen amounts to about 194 g. Of interest for accident management
(recombiner) is the fact, that about 2/3 of the hydrogen is produced in the short

period of escalation.

In Figure 67 the chemical energy produced in the exothermal reaction is calculated
from the corrected measured hydrogen and compared to the electric power input.

The integral 194 g hydrogen correspond to 29.5 MJ. This contribution amounts to
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20% of the total power input (chemical and electric). For the time of escalation the
maximum chemical power input for the length of the bundle is twice as large as the
electric input. The ratio is even higher in the active region as the chemical energy is

only produced in the upper half of the bundle with escalation.

To estimate the extent of oxidation from the hydrogen measured, we assume that
only the region with temperatures above 1400°C has contributed substantially to the
oxidation and with this to hydrogen production. For this region the measured
hydrogen corresponded to 80% oxidation of fuel rod cladding and shroud. On the
other hand the measured maximum hydrogen evolution rate of 200 mg/s

corresponds to a consumption of 27% of the steam introduced into the bundle.

7. Posttest appearance of the bundle

The appéarance of bundle CORA-30 before the test is shown in Figure 81. Three
steps of the assembly process are given. Beginning at the left side, the bundle
connected by the spacers can be seen. The upper and lower spacer are made of
Zircaloy and the middle spacer consists of Inconel. At the lower end the steam
distribution tube with its steam entrance tube can be recognised. In the middle
picture the Zry shroud is added. Finally in the picture on the right side the bundle with

shroud and ZrO, fibre insulation is shown.

The post-test appearance of the bundle is given in Figures 82 to 91. The behaviour

of the ZrO, fibre bundle insulation can be seen form the Figures 82 to 85. The-

insulation has survived the test. Only in the upper part minor deformation can be

recognised form the outside (Figure 82 to 84). In Figure 85 the inner side of the

insulation is presented. In accordance with the axial temperature distribution the
attack on the shroud insulation has developed only above 700 mm elevation. The

damage of the insulation can be recognised up to 1200 mm.

The damage to the shroud is shown in Figures 86 to 87. In the accordance with the

axial temperature profile the shroud has kept its original shape with only minor
oxygen uptake below 500 mm elevation. The oxidation between 500 mm and
700 mm has increased so much that above 700 mm elevation the embrittled shroud

broke away during the removal of the insulation up to about 1200 mm. Figure 85
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shows that a strong interaction between Zry shroud and ZrQO, fibre insulation has
taken place between 750 mm and 1200 mm.

The high temperature level in bundle and shroud up to 1150 mm is reflected in the

strong interaction between shroud and shroud/insulation.

The post-test appearance of the bundle is given in a diagonal view in Figure 86, in
four side views in Figure 87 and in close ups in Figure 88 to 91. The upper Zry

spacer (838 mm to 880 mm) has generally survived, though strong deformation can
be recognised, especially on the 30° side. A stronger oxidation has developed in the
region above the spacer (880-1090 mm) compared to the region below. In the upper
region one can recognise preferentially the smooth flowered oxide layers, while
below the spacer one can see some deformation. On the bundle sides in 300°, 210°
and 120° the absorber rods are positioned on the first internal row and can therefore
be seen from the outside (the cross section above the picture can be used for
location). Strongly deformed guide tube can be recognised. The cross sections
discussed in the next section show that only the oxidised outer shell, which was not

dissolved by the absorber material, has survived.

The damage in the bundle can best be seen from the horizontal and vertical cross
sections. To enable the cutting of the cross sections, a Lucite box was set around
the bundle for encapsulation with epoxy resin. The lower end of this box was closed
by a paraffin layer which was produced by refreezing paraffin floating on the water of
the quench cylinder. Rutapox 0273 with the hardener LC (Bakelite GmbH, Iserlohn)
was used as epoxy. This epoxy was chosen, as its reaction time was slow enough
that the shrinkage effect is negligible. The hardening time was one week. The bundle
was filled starting from the bottom through the steam inlet. A saw with 2.3 mm thick
diamond blade of 500 mm OD (mean diamond grain size 138 um) was used to cut
the bundle at 3200 rpm. The horizontal and vertical cross sections are given in
Figures 92 to 103 and Figures C1 to C9.

From the cross sections in comparison to the post-test photographs one can obtain

the following information:

— In accordance with the temperature profile damage to the bundle was found from

about 500 mm to above 1170 mm, the cross section at the highest elevation
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(Figures 92, 95, C1-C5): In the cross sections at 481 mm and 494 mm only minor

changes can be seen on some rods inside the thin outer oxide layer of the Zry
cladding. This may possibly be the result of melt containing absorber material,
which had formed at higher elevations by interaction and had moved downwards
within the cladding. This effect was seen in all CORA experiments. The Inconel
spacer has survived the test as can be seen from the cross sections at 481 mm
and 494 mm.

— From the horizontal cross sections (Figures 93 and 94) it can be seen, that both

absorber rods have survived undestroyed at least to 495 mm elevation. The
vertical cross section in Figure 95 shows that for absorber rod 4.6 the full density
in the rod after the test is found up to 520 mm, while a voided filling of absorber
4.6 has remained up to 600 mm. In the region of the absorber rod 6.2 in the
vertical cross section (Figure 96) above 495 mm elevation only voided refrozen

material can be recognised up to the elevation of about 600 mm.

— In Figure 97 the vertical cross sections of CORA-30 are compared to those of test
CORA-5. In CORA-5 the absorber rod has only survived below about 250 mm
elevation. This may partly be caused by the axial temperature distribution to lower
elevations. But also in the cold-lower-end test CORA-10 with a similar axial
temperature distribution as in CORA-30, the absorber rod only survived above
290 mm. The survival of the absorber structure in CORA-30 to this high elevation
must be caused mainly by the stronger oxidation of the guide tube, in

consequence of the much slower heatup.

— The gap between absorber rod and guide tube is filled at least down to 442 mm.
Partly filling of the gap can be seen down to 300 mm and 143 mm elevation. In the
cross section at the highest elevation (1171 mm) the absorber rods have

completely disappeared and major damage to cladding has developed.

- The horizontal cross sections of Figures C1 to C4 confirm the appearance seen in

the bundle photographs: In the upper region above the upper spacer the well
oxidised cladding of the outer fuel rod simulators have developed a pronounced
“flowering". In the region below the spacer the generally less oxidised cladding

show a less pronounced "flowering".
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— The horizontal cross sections show that in the damaged region there is a stronger
oxidation of the outer compared to the inner rods of the bundle. This effect is more
pronounced in region above the spacer compared to the region below the spacer.
In the inner region the oxidation of the bundle has to compete with the interaction
of the cladding and the absorber material. In addition the oxidation may be
influenced by the blockage which had formed just below the spacer and its

influence on the steam flow distribution.

— The vertical and horizontal cross sections (Figures 95 and C3) show, that two

blockages have formed within the bundle: The upper blockage from about 800 mm
to 870 mm elevation. The lower blockage has formed from about 500 mm to 620
mm. This double blockage is confirmed by the determination of volume and mass

distribution of the bundle after the test discussed in chapter 8.

The upper blockage has formed within and below the upper spacer (838 - 880 mm)
and the lower above the mid spacer (454-496 mm). The cross section at 493 mm
elevation - with the still intact spacer and the small amount of relocated material
shows, that the relocation of the material in the region just above the spacer must be
determined mainly by the axial temperature distribution. Also the melt refrozen in the
upper blockage, has formed preferentially in the region of highest temperature (900
to 1100 mm) and then penetrated the upper spacer and relocated to the region
below the spacer. The upper blockage is more of ceramic nature, while the lower is

preferentially of metallic nature, with a high content of the absorber material.

Of interest is the comparison of the blockage formation of CORA-30 to CORA-5.
CORA-5 was a PWR-test with 1 K/s initial increase, but otherwise equivalent
conditions. Also in test CORA-5 we got the same double structure of the blockage
formation. Only the two blockages formed at much lower elevations. The relocation
to lower elevation is consistent with the axial temperature distribution of CORA-5.
The other difference is the lower degree of oxidation due to the faster temperature

increase.

8. Blockage formation and mass distribution
The relocation of molten material is also determined by measuring the axial

distribution of the blocked area and bundle mass. These measurements were
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performed in connection with the epoxying process. As can be seen in Figure 75 the
resin is poured into the Lucite mould from the bottom end. By weighing the resin left
in the supply container after each step, i.e. 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 of axial height. The filling process is slow enough so that the

reading at the scale can be taken per cm.

The error of this measured mass distribution amounts to about 15 %. 10 % with
respect to the measurement of 1 cm increments of the epoxy level and 5% due to the
error of mass measurement. The error, however, is alternating, i.e. epoxy not
measured at one step is certainly included in the next reading at the scale. A filtering
method using a Fourier transformation, where higher frequencies were cut off by a

low pass filter, was performed to deal with these errors.

A smoothed solid-line curve was obtained from the data by the filtering which is the
distribution of the epoxy bundle fill-up, i.e. a complement to blockage in the bundle.
Using the density of the epoxy and the cross sectional area inside the Lucite mould
the structural area of the bundle end state can be evaluated. Referred to the area of

the shroud, it is given in the left side of Figure 76 as "relative blockage”.

The blocked area is defined as (cross section mould inside - cross section epoxy -

cross-section of shroud remnants) referred to cross section of shroud inside.

As part of the shroud was removed together with the fibre insulation after the test,
the remnants of the shroud which were present during the filling process were
excluded in the evaluation by measuring their contribution to the cross section
separately. The areas are given as percentages, where 100 % means complete

blockage.

To determine the axial mass distribution, the epoxy filled bundle was cut into
horizontal slices and these bundle segments were weighed. Knowing the axial epoxy
distribution, the contribution of the resin is subtracted from the measured weight, to
give the mass distribution of the bundle. Also this distribution is corrected for the
share of the shroud. The results are given in the left side of Figure 77. These data
represent the mass of the rods and spacer. The measured curve is compared with

the mass distribution of the intact bundle.
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The specific mass is defined as (mass of weighed samples - epoxy mass - mass of

shroud remnants) referred to the pertinent axial segment.

If one compares the uncertainty of the axial mass distribution with the axial volume
distribution, one can see, that the method using the weighed samples is the more
accurate. The uncertainty of the measurement of the filled-in epoxy mass contains
the same absolute error, however, the relative error is only one fifth, because the
epoxy resin is referred to a & cm block compared with the reference of 1 cm for the
volume method. Because of the lower density of the epoxy resin in comparison with
the denSity of the structural material the relative error is further reduced. On the other

hand in the mass distribution the resolution is reduced.

The axial distribution of mass and the blocked area in the bundle are showing the
same behaviour and are in accordance with the results from the cross sections. A
double structured blockage between 500 mm and 620 mm and 800 mm and 870 mm

has resulted.

In comparison to the volume and mass distribution in Figures 76 and 77 also the

axial temperature distribution in the bundle is given. On can recognise, that the
metallic absorber material containing melt has relocated to the region with the steep
gradient in the axial temperature distribution, while the more ceramic melt is refrozen

at much higher temperatures.

9. Summary and discussion

Test CORA-30 should investigate the damage behaviour of the fuel bundle, for a loss
of coolant accident developed from a shutdown reactor. Starting form a reactor after
shutdown means less decay heat and with this a slower increase of the temperature.
Therefore test CORA-30 was performed with an initial temperature increase of

0,2 K/s, instead.-of 1 k/s as in most of the CORA tests. A slower temperature
increase means a thicker oxide layer at a given temperature. The thickness of the
protective oxide layer influences the temperature time behaviour and the extent of

the temperature escalation. The following behaviour was found:

Test CORA-30 showed, that the temperature escalation takes place also for an initial
heatup rate of 0.2 K/S. The escalation started at a temperature of about 150°C

higher than in tests with 1 K/s initial temperature rise and increased only to about
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2 K/s, compared to 20 K in the other PWR tests. The temperature rise went up to
about 2150°C similar to the 1 K/s temperatures increase. The electric power input at
the initiation of escalation is by about 25% lower. Due to the much slower
temperature increase the integral electric energy input up to the initiation of the
temperature escalation is about twice as large for CORA-30 compared to the 1 K/s

tests.

in test CORA-30 the region of escalation is limited to the upper part of the bundle.
The escalation starts at 950 mm elevation (compared to 850 mm for normal tests)
and reaches at 550 mm only a minor temperature increase (in normal test the
escalation moved down to about 350 mm). The maximum escalation peak was
reached at 1050 mm and this was also the elevation at which the temperature stayed

at maximum to the end of the tests.

In accordance with the axial temperature profile the damage to the bundle was
restricted to the upper half of the bundle from about 500 mm to above 1170 mm
elevation. Due to the stronger oxidation as consequence of the slower heatup the
absorber rod structure survived in a voided form even to about 600 mm elevation. In
normal tests the absorber survived only to about 250 mm elevation. The presence of
absorber material at higher elevations may have an influence on the criticality

behaviour of a reflooded core.

The molten material had relocated within the bundle in two regions. From 800 mm to
870 mm elevation ceramic type material and between 500 mm and 620 mm
preferentially metallic material have formed blockages. This blockages are found

300 mm and 400 mm higher than the equivalent blockages in the 1 K/s PWR tests.

In test CORA-30 the total produced hydrogen amounts to 194 g. 194 g hydrogen
correspond to 29.5 MJ. This contribution is equivalent to about 20% of the total input
(electric and chemical). But for the time of escalation the specific maximum chemical
input is twice as large as the electric input for the length of the bundle. As the
chemical energy is only produced in the upper half of the bundle, this ratio is even
higher. Of interest for accident management (recombiners) is the fact, that 2/3 of the
hydrogen is produced in the short period of escalation. To estimate the extent of
oxidation from the hydrogen measured, we assume that only the region with

temperatures above 1400°C has contributed substantially to the oxidation and with
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this to hydrogen production. For this region the measured hydrogen corresponds to

80% oxidation of fuel rod cladding and shroud. In connection to steam availability the

measured maximum specific hydrogen production rate of 200 mg/s corresponds to a

consumption of 27% of the steam introduced into the bundle. At all times of the test

we were far away from global steam starvation.
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Table 1: CORA Test Matrix

Test Cll;njc;(ihg Absorber Other Test Date of Test
No. | Tempera-| Material Conditions
tures
2 ~ 2000°C - UO2 refer., inconel spacer Aug. 6, 1987
3 ~ 2400°C - UO7 refer., high temperature Dec. 3, 1987
5 ~ 2000°C | Ag, In, Cd PWR-absorber Febr. 26, 1988
12 ~ 2000°C | Ag, In, Cd guenching June 9, 1988
16 | ~2000°C | B4C BWR-absorber Nov. 24, 1988
15 ~ 2000°C | Ag, In, Cd rods with internal 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 < 2000°C | Ag, in ,Cd 57-rod bundle, slow cooling Febr. 22, 1990
18 < 2000°C B4C 59-rod bundle, slow cooling June 21, 1990
13 ~ 2200°C | Ag, In, Cd | OECDI/ISP; quench initiation Nov. 15, 1990
at higher temperature
29* | ~2000°C | Ag, In, Cd pre-oxidised, April 11, 1991
31* | ~2000°C B4C slow initial heat-up (~ 0.3 K/s) July 25, 1991
30* | ~2000°C | Ag, In, Cd | slow initial heat-up (~ 0.2 K/s) Oct. 30, 1991
28* | ~ 2000°C B4C pre-oxidised Febr. 25, 1992
10 ~ 2000°C | Ag, In, Cd cold lower end July 16, 1992
2 g/s steam flow rate
33 | ~2000°C B4C dry core conditions, Oct. 1, 1992
no extra steam input
W1 | ~2000°C - WWER-test Febr. 18, 1993
w2 | ~2000°C B4C WWER test with absorber April 21, 1993

Initial heat-up rate: ~ 1,0 K/s; Steam flow rate, PWR: 6 g/s BWR: 2 g/s;
CORA 10: 2g/s; CORA W1 + W2: 4 g/s; quench rate (from the bottom) ~1 cm/s




Tab. 2: Design characteristics of bundie CORA-30

Bundie type PWR
Bundle size 25 rods
Number of heated rods 16
Number of unheated rods 7
Pitch 14.3 mm
Cladding material Zircaloy-4
Cladding thickness 0.725 mm
Rod length - heated rods 1960 mm
(elevation - 489 to 1471 mm)
- unheated rods 1672 mm
(elevation - 201 to 1471 mm)
Heated peliet stack 0 to 1000 mm
Heater material Tungsten (W)
Heater - length 1000 mm
- diameter 6 mm
Fuel pellets - heated rods UO2 annular pellets
- unheated rods UOo full pellets
Pellet stack - heated rods 0 to 1000 mm
- unheated rods: - 199 to 1295 mm
U-235 enrichment 0.2 %
Pellet outer diameter (nominal) 9.1 mm
Grid spacer - material Zircaloy -4, Inconel 718
- length Zry 42 mm
Inc 38 mm
- location lower (Zry) -5 mm
center (Inc) +496 mm
top (Zry) +880 mm
Shroud - material Zircaloy -4
- wall thickness 1.2 mm
- outside dimensions 90.4 x 90.4 mm
- elevation 40 - 1235 mm




Tab. 2: (Continuation) ~*~

Shroud insulation

- material

ZrOo fibre

- insulation thickness

19 mm

- elevation 36 mm to 1036 mm
Mo electrode - length 300 mm

- diameter 8.6 mm
Cu electrode - length 189 mm (lower end)

- length 669 mm (upper end)

- diameter 8.6 mm
Absorber rod - number of rods 2

- material and composition | 80Ag, 15In, 5Cd (wt.%)

- cladding Stainless steel

- cladding OD 11.2 mm

- cladding ID 10.2 mm

- length 1660 mm

- absorber material -189 mm to +1300 mm
Absorber rod guide tube |- material Zircaloy -4

-0D 13.8 mm

- wall thickness of tube 0.8 mm
Plenum Volume - heated rods 12-106m3

- unheated rods

87 - 106 m3
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Table 3: Total specific mass data of bundle CORA-30

Specific mass [kg/m]

Tungsten heater elements 8.74
UO» 10.85
Zircaloy in rods 3.45
Zircaloy in absorber rods 0.43
Stainless steel in absorber rods 0.26
Ag/In/Cd absorber 1.59
Inconel grid spacer 0.11
Zircaloy grid spacer 0.14
Zircaloy of shroud 2.77
Total zircaloy 6.65

Table 4: Areas of bundle CORA-30

Cross section areas [m?]

Tungsten 4.524 104
UO2 1.043 103
Zircaloy cladding 5.252 104
Absorber, Ag/In/Cd 1.634 104
Absorber, Stainless steel cladding 3.36 10-5
Absorber, Zircaloy guide tube 6.54 105
Zircaloy shroud 4.22 104
Total area inside the shroud 7.535 103
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Table 5: Positions of thermocouples

Positions of thermocouples in
unheated rods (CORA 30)

Positions of thermocouples
at grid spacer (CORA-30)

Positions of thermocouples
for gas (CORA-30)

Slot Elevation Rod Slot | Elevation| Direction Slot Elevation| Direction
Number | [mm] Number Number | [mm] of TE Number | [mm] of TE
131 1450 4,2 114 860 210° 125 1350 120°
132 1350 2,6 115 860 30° 126 1250 300°
101 1150 6,6 237 475 210°
102 1050 2,2 238 475 30° Positions of thermocouples in
103 950 6,4 239 -26 210° shroud insulation(CORA-30)
104 850 2,4 261 -26 30° Siot Elevation| Direction
105 750 4,4 Number [mm] of TE
221 550 2,6 Positions of thermocouples 133 1060 30°
222 550 6,6 in cer. tube,shroud+bundle 127 950 30°
223 550 2,2 Slot Elevation| Direction 128 750 210°
224 450 4,2 Number [mm] of TE 247 550 210°
225 350 6,4 116 950 30° 263 350 210°
231 150 2,4 117 950 210° 264 150 210°
232 50 4.4 118 750 30° 265 50 21¢0°
119 750 210°

Positions of thermocouples in
absorber rods (CORA-30)

Positions of thermocouples

Positions of thermocouples
steam distribution tube

Positions of thermocouples
at guide tube (CORA-30)

Positions of thermocouples

Slot | Elevation| Red at bundle flange (CORA-.30)
Number | [mm] Number Slot | Elevation| Direction
111 1150 4,6 Number | [mm] of TE
112 950 6,2 134 1491 210°
113 750 4,6 135 1471 300°.
229 550 6,2 136 1471 345°
230 350 4,6 137 1511 345°
241 150 4,6 138 1511 300°

236 50 6,2

Slot | Elevation] Rod at shroud in cer. tube (C:-30) Slot Elevation{ Direction
Number { [mm] | Number Slot | Elevation| Direction Number | [mm] of TE
106 950 6,2 Number | [mm] of TE 62 -300 180°
107 750 4,6 120 950 300° 266 -250 300°
233 450 6,2 121 750 300° 267 -50 15°
234 350 4,6 242 550 300 268 -50 195°
243 350 300° 269 -50 165°
Positions of thermocouples 270 -50 345°
at heated rods (CORA-30) Positions of thermocouples 271 0 180°
Slot | Elevation] Rod at shroud outer surface 272 0 180°
Number | [mm] Number Slot | Elevation| Direction 273 50 300°
108 1150 5,3 Number | [mm] of TE
109 950 5,5 122 1150 30°
110 750 3,5 123 950 30°
226 550 5,5 124 750 210°
227 350 5,3 244 550 210°
228 150 3,3 245 350 210°
235 50 3,5 246 150 210°
262 50 {210°




Table 6: List of cross sections for test hundle CORA-30

Probe Proben=- Axijale Lage Bemerkungen
ldnge unten oben )

30-a1 100 mm =157 mm ~57 mm

“schnitt S S
“30-a2 25 mm 55 am R R

“schnitt - z2wmm T Unterer Abstandshalter -
“30-07  13em 28 mm S5 mm Querschnitt, Absorberschmelze
“schnitt 2 om T
T30-b 155 mm <13 mm w2 em TTTTTTTTTTTTTTTTTT

“schnitt 2 mm T T
“30-c 155 mm bk mm 209 mm T
“schnitt o T
So-a o mm 301 mm B mm T TTTTTTTTTTITITITITR e
“schnitt 2 om T
“30-e 35 mm W3 m w1 o T o
“schnitt 2 mm T
“30-03 a3 mm beo mm 493 mm Querschnitt, mittl. Abst.halter
“schnite T
“30-f 1m0 wm 45 mm 635 mm Mit Lingsschnitt .
“schnitt 2mm T
“30-04 13 mm 637 mm €50 mm uerschnite
“schnitt 2 mm T
“30-g 140 mm 652 mm 792 mm Mit Lingsschnite
“schnitt 2 om T T
"30-05 13 mm 79% mm 807 mm © querschnitt .
“schnite 2pm T e
3o-h 63 mm 809 mm 872 mn Mit Lingsschnitt

e e g s St B o e S G L S e b b o e S A e e e G S b S s o b e S G B WD B R e e et b e Y S e e G A 4 e e T e b e e b e e e e G O B D S O T D

Schnitt 2 mm
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Table 6: (continuation)

- G TGS W 0 B G G o e e e S e v b o et e e S S e G S U e G P e S S Gt g s Y R e e e 0 P G e B e S e e B o e " Sv o e o v O

30-06 13 mm 874 mm 887 mm Oberer Abst.halter
“schnitt 2om T
30-1 o mm 889 nm 1029 mm TR
“schnitt 2 om Oberhalb der Heizzone
T T e J
“schnitt 2mm T
Tsok ook mm 1173 mm ook mm Oberes Reststick
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Table 7: Distribution 6f void volumes in unheated and heated rods

Void volume of one unheated rod

elevation volume relative volume
[mm] [cm3] [cm3/cm]
dishing of uranium pellets; |-201to 1315 4.083 0.027
gap between pellet stack
and cladding
void volume above pellet 1315 to 1439 8.378 0.678
stack
1439 to 1456 0.711 0.419
1456 to 1522 3.658 0.55
1522 to 1531 0.387 0.43
1531 to 1762 6.531 0.283
1762 to 1764 0.084 0.419
system for pressure 15.120
measurement
total void volume 38.952
Void volume of one heated rod
elevation volume- relative volume
[mm] [cm3] [cm3/cm]
void volume below pellet  |-369 to -334 0.826 0.236
stack
-334t0 0 1.391 0.0417
gap between pellet stack 0 to 1024 2.311 0.023
and cladding and between
pellet stack and heater
void above pellet stack 1024 to 1875 3.545 0.0417
1875 to 1911 0.852 0.24
system of pressure 10.860

measurement

total void volume

19.785
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A18 : Temperatures at elevations given; initial heating phase (350, 150 mm)

A19 : Temperatures at elevations given; initial heating phase (50, 0 mm)
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A21 : Temperatures of HTS, Inner surface at 153 mm radius; initial heating phase
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A22 : Temperatures of HTS, Temperatures in HT shield at 192 mm radius, 345°;
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B7 : Temperatures of unheated rods; pre-heat phase

B8 : Temperatures between bundle and shroud measured with ceramic protected TCs;
pre-heat phase

B9 : Temperatures of the spacers; pre-heat phase

B10 : Temperatures of the guide tubes of absorber rods; pre-heat phase

B11 . Temperatures in the absorber; pre-heat phase

B12 : Temperatures at the bundle head plate; pre-heat phase
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pre-heat phase

B14 : Temperatures of outer side of shroud; pre-heat phase

B15 . Temperatures of the shroud insulation; pre-heat phase
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Temperatures at elevations given; pre-heat phase (860,850,750 mm)

: Temperatures at elevations given; pre-heat phase (550, 475, 450 mm))

Temperatures at elevations given; pre-heat phase (350, 150 mm)

. Temperatures at elevatians given; pre-heat phase (50, 0 mm)

Temperatures at elevations given; pre-heat phase (-26, -50, -250, -300 mm)

. Horizontal cross sections of bundle CORA-30 (1171, 1031, 1029 mm)
. Horizontal cross sections of bundle CORA-30 (887, 872 mm)

. Horizontal cross sections of bundle CORA-30 (807, 792 mm)
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. Horizontal cross sections of bundie CORA-30 (-157 mm)
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Fig. 25: Thermocouple locations within the bundle
(CORA-30)



2500

L L B R R L L B R L R R I L LN R RN RN AR
| H s 3 v 2 + { s
N '

1.1 300 1.7 : — 1150H5.2

§ |7 950H5.5

’
1

: : : g R :
— ‘ : R : eleciric power
L/ IllIIlII‘IIIIIIIII'IllI|||||'||lllllll’lllllllll

'IIIllllllllllllllll'llllIlll‘@

3000 4000 5000 6000 A000 8000 S000 10000 11000 12000

o
2
al}
@ |
2 2000
) |
[
a
a
E
£ [
= {500
1000
500
0
. 2500
[}
o
a
@ i
2 2000
m L
o
Q
[mB
=4
Q
‘—-.

1000

500 -

0

1500

Time (=)

L R A L S A AR R N AR A R R L R R
> ¥ H v “ v . <

[
[N

th

0 300 17 11— somms

§|— 350H5.3

...............................................................

1200 Y s

¢ &7 NI

Ay S ‘.23

—_— Criam g |
SOHE.E | 238

- ? : : oipoiric power -1 : ;
IlII|III|I|IllllIllllllllllll'l|lllllI]Il||llllllllllllllllll-lllllllllll%l

3000 4000 5000 000 2000 B000 S000 10000 11000 12000

Fig. 2

Time (s}

6: CORA-30; Temperatures of heated rods




2500

Temperature (°C)

1000

hoo

0

3000 4000

2500

Temper ature (°C)

1000

500 g

0

2000 F

1500 1

2000

1500 ¢~

—66—

IR RN R R R R R R R AR R LR RLRLIELE IR LAUL L L
v t v i 2 v

F 1.1 300 1.7

:
!
!
:
t N \
: ? . -
" 3 y . : R . g —
llllllllllllllIlIlllllll|IIIIlllIII|IJLIIIII|IIIIIllllllll|IIllLlllll‘!lIIIIIIIIIIIIIIJL

Time (=2

— 1460014,2

121

— 1350U2.¢

132

— 1160U&.&

— g5ou2.4

104

— 750U4.4

105

5000 €000 27000 8000 9000 10000 11000 12000

L N N N L AR R R R AR RN LA SN AL AR L L
s v 3 H v v \ 14

1.1 30° 1.7

N %
t + '
: 2 N
N 2 v
: v

¥ '
i ' N
v v

by

' : : : eleciric power E ;
-
I':llllllIIIIIIIIllllllllllllllllllllIlIIIIIIlllllllllll|lII|I'lI|llllIllllllL%

— 550U2.2 | 222
— 4B0U4.2 | 224
— 250U¢.4 | 225

3000 4000 5000 000 Z000 8000 S00C 10000 11000 12000

Fig. 27:

Time (=)

(TCs in central position)

CORA-30; Temperatures of unheated rods




Temperature (°0)

0

25]:]0 lllllIIlI[llllllllIllllIlrlllIIIlIlIllIlIl"ll!lIIl]llllllll!!lIllIllll!l'llllllll!lllllllll

‘
- P . T U R L NS B T LT R =
2004 ; ; : .

) t » * 2

1500 | : i Tt YT 218

. ‘
, | . :
_ ‘ | | . \ _
| ‘ | ‘ | ,
. ‘ , , | . .
. | | . . | | . .
| A1 : . . . | _
, ! . . | x . :
..................................................................... S
1000 . : : : : : .
| : . : ‘ , .
. ; | ‘ , . ! _
[ ‘ : ' i ~ : L 950(30°
. . . A : . .
| , ‘ ‘ . . | ) ,
8 * ] ] v v © ’
! . . \ . : T
, . . . . L _
! | . .

.......... lemmcsunncvanhuvusensanselononanansuaeacanansunnnbonsunnunrenhicnennvmnnsluscciinnnnnduacnannnnn—
500 : : : . , : : .

—67—

1.1 30° 1.7

n il
750 [210°)

850KerA| 116

950KerA| 117

750Kerf| 1158

FEOKerd ) 115

b eecticpower (A

950 30°/43
950 210°/43
750 30°/43
750  210°/43

2000 4000 5000 6000 2000 2000 2000 10000 11000 L2000

Time (=)

Fig. 29: CORA-30; Temperatures between bundle and
shroud measured with ceramic protected TCs

Temperature (°C)

16aa

2000

15200 §

T T e e e PP T T P e P P P T PPy
H i v H H : . - :

.................................................................

...............................................................

:
&\§

of
¥
«

...........................................

elecinc powor

' N N .
' :
« . : ]
¥ f H v H
'nn1|lulnnuulllnlnulllnnnnllnnlLLLlnnnun[nnululnxLLm

Time (=)

2L0Abst | 114

840Abst | 115

860
860
475
475
-26
-26

000 4000 5000 6000 FO00 - 8000 3000 10000 11000 12000

Fig. 30: CORA-30; Temperatures of the spacers

210°/30
30°/30

210°/30
30°/30 .

210°/30
30°/30




QSDD lllllllll I lllllllll ! lllllllll I lllllllll l lllllllll I lllllllll I lllllllll l lllllllll I' IIIIIIIII
[ : H ; : i 4 - S80fbst | 114

— Balfbst | 115

TiI— QoiKers| 120

4— 75QKerS| 121

Temper ature (°C)

lEDD -n.(..v.,...<,.A;A‘,..‘A.v\....:..,.A.\.... .A.A‘.,...A,..,A{l',:.‘:i‘-..»‘,“A...A-.,A:A‘“;».M....»,;»;‘.U.».‘

- 850imm %
S : : ; e 1
‘ : e LA

[ S B n t £ E

' “"“T'——*-——ﬁ——""—\:“‘\ N
860imm "\~

[ 1 : : 3 : LI

1000 b ‘i_ ..j'___r_,_,

D L ; ||||||||| ; ||||||||| IFET NN RN NN ; ||||||||| ; ||||||||| ISERTENE Y] ; ||||||||| i lllllllll ]
3000 4000 5000 6000 PF000 SC0OC S0O00 10000 L1000 L2000
Time (s)

Fig. 30a: CORA-30; Comparison of temperatures of the space
at 860 mm to temperatures on the inner side of
shroud at 750 and 950 mm elevation



— 69—

1.1 30°

Temperature {(°0)
]
o}
o
o

—
4]
Q
o

1000

500

2500 L L R R R R R R R R AR Ny NN AR RE AL R

LR R R

1.7

eiectric power

v . v
D e e e b b b e g s g

1|— 115064.6 | 114

J i 95066.2 | 112

1150  120°/27
950 120°/25
750  300°/13

3000 4000 5000 €000 ~000 8000 S000 10000 11000 12000

Time (s)

2500 llllllIIIlIllIlllll]lIIIlIllllllilllllIIIIIIIlllIl!l!l'lllll’llllllllllllTl

[ g g s s 1.1 30°

2000 r

Temperature (°C)

1500 f

1000

1.7 ]|— ssoes.2 | 220
J|— 3%064.6 | 230
.
1|— :so84.¢ | 242
]
J|— sosez| 23

B00

r_ : : : | electric power!
L

. . . ' v v
D g g e s e b e b g b g by e b g b g

550 120°/25
350 300°/13
150 120°/27
50 300°/34

3000 400C 5000 6000 7000 8000 9000 10000 11000 12000

Time (s)

Fig. 31: CORA-30; Temperatures of the guide tubes

of absorber rods




— 70—

2500 T P P P T P T P e PP P T T PP VTV TTY
H 13 H i I v : :

950AE.2

108

1.1 300 1.7 }—

7B0A4.4

Temperature {°C)

— 4B0fs.2 | 233
— 3B8084.8 | 234

1500 |

1aca

— : it :
3 s N ) h h h t
. H } H . : : :
' . ' N . N : N ]
. . . . : . . ‘
N . < \ N N N
i N X N : H ‘ N .
€ < (3 kS 3 T £ h
N N . N N " H
. N < T . .
o + » A B . s . s 1
- v GIBEITiE OOWar ¢
¢ N '
" : : : 21N nOower : .
n 2t b e fa g s L g g e L g

000 40080 RO00 s000 FO00 8000 8000 10000 11000 12000
Time (s)

Fig. 32: CORA-30; Temperatures in the absorber




—71—

250 :_...._...,.

200 | @

Temperature {°C)

150 fooo

[ T

L ; : R y

| . 1471 BKPT. N

X ',/d-"‘\._\&b 3 E : - \\:;\\\:
LA ; LA 151 H R
1400 .;’,of" """""" (AN gy ; "”"*;‘: "y’mh?:;tm‘“w~uu;f_&:_rﬂqg""'*"**
! LT . 1511 BKPI ey

R

P

50 ?}Rﬁ.’r..”...:...,......”.in.-..””. :
|

NN

SUD llllllll A EREENLERE AAAANNELNE LR ERRE IRARRLARRR IBANBREAREN RARIERRSE I RERAELA RN I Tirr
L : : : i H : H
: : . p ) ‘

{o i 1
o \\ : :
N H ;

TR L]

D lllllllll'IlIII|III|IIII|IIII|I|II!IIlllllllllIII‘IIIIlllII‘llIllllllllllllllllllLlllll]l

J|— 1471exm | 130

= 1471H3.3 | 13

— 181IHE2 | 157

— 1G1iEKPY | 138

3000 <4000 5000 000 27000 8000 S000 10000 11000 12000

slot
138

slot 437 lo? 4135
Sle
slot /
136 i

Time (=)

Bandel ke platl obes
(BxP)

Unsersece BKP
Ba o A 24 mm,

N

.\g\\w

N\

J

S

|

-~y '
beh. Stab 3.3

Fig. 33: CORA-30; Temperatures at the bundle head
plate



30°

—12—

30°

300°



2500

2000

L L L L L L AL LI L L R R R RN R
‘ s l i . ' v v .

B § D14 300 1.7

850Kers| 120

760KerS| 121

550KerS| 242

]

ZRKerS] 248

Temperature {(°C)

1500

850 300°/-25
750 300°/+25
6§50 300°/+25

1000 [ 350 300°/-25

500

. ;
: :
I + 3 v 1 13 . [} .
I + T + v x T 3 ]
b | , ; electric power, .
D llIIIIIIlJ]llI|l|IIllllllllIIllI|IIIIIIlllIllI|lllllllllLlllIIllllllIl||l|||

3000 4000 5000 6000 2000 S000 S000 10000 11000 12000 °
Time (s

Fig. 35: CORA-30; Temperatures of inner side of
shroud measured with ceramic protected TCs

2500 Illlll‘llllllllIllll[lllllllll]Illllllll.lI‘lll!llII'IIIlllllllllIlrl[ll]fillrl_rrlllllllllll

1.1 30° ‘1.7. :—11508hr' 122

4 [— 950shr 123

2000
| | 7BOShr | 124

{|— s503hr 244

Temperature (°C}

1500

11— 3=508hr

N
£
“

$|— 1808hr | 246

1000

3 |— soshr | 262

1150 30°/ +4

. : : : L : : f 5 = 950 30% -4

77 3 3 | L : ; 1 750 210 o
1150 ~ ' ' ' . ]

: : : : . " : ]} 550 210°/15
= ; 1 : g electric power I % ] 350 210° -5
D lllllllllIllllll|||llll||lIIl'lllIl||II'IIIIIlIIlllllllllllllllllllll]ll]lll 150 2100/ +5

3000 4000 BOOOD €000 2000 8000 8000 10000 11000 12000 50 210°/+15
Time (=)

Fig. 36: CORA-30; Temperatures of outer side of
shroud

500




—T74—

— QEDD r[‘vl_l_lvlllilllllIIIIIIIllllllIllllllIII!IIIIIIIII!I[||Ill|I!lllllllll!lllllllll!Illllllll
0 i 30° 1.7 : 1|— 1060shrr | 132
< N 1
o ©® }|— ssoshrr | 127
PR - [O)(e)e)g 4 N . ' : :
2 2000 3000 P00l | 1200 e P preoeeee s I .
v ! 02 OOV, ; : ; : : 1|— 7soshre1| 128
P 7 ® ® , \ *
€ 2 % ' ' :
a Vs e - | ) : i =
s L 217 ST v § : : — BEnshrl | 247
e TSP SRS STSRSEPPT SRRPREEE S SRS .
15060 ; : :
! 950 : § — 380Shrl| 263
i § § — 1508hrl | 264
Looa :
! . : —  5OShrl| 265
- § : ~.._ ] 1080 30°%-23
00§ e —31 950 30°/+25
i — 1 St 750 2107 0
; - f {1501 550 210° -24
. plecticpower | ] 350 210%24
D Illlllllllllllll|ll L bbb Ll L IS EEUNIEEEN IR} LEL G L b2 L] 111 ' 150 210°/+32
3000 4000 5000 €000 7000 2000 3000 10000 11000 12000 50 210°/ 0
' Time (s) ‘
Fig. 37: CORA-30; Temperatures of the shroud
insulation
— 250 lllllllll!llll’llll!llll"lllll!lIlllll IllllllIll!llIllllll!lllllllll!llll||lll!l’llllll1
5 [ g =, ‘; ™, 1|— 15113 | 137
*  N511-1450 mm. |
.,_ ! : § § 1|— 1511BKP1 | 138 |
'rdjn o0 Froeeee s (RGN SR SR 5. S N Vot et S S U SO J
L 1|— 14e1kpi | 134
=3 4
= Y|— t47tewrm | 128
L B T UG /A0S WO - o IO, 4 S AR w2 .
u/1450. 11— 1471Hz.2 | 138
BKPL/1481 :
. h/1511 g |— 1450u4.2 | 131
i 1511 300°/30
; 1491 210°/10
s \ ‘ ' . : ‘ 1471 300°/10
50 i Bessssessses Besssseessss Fesemasaaes R b
i i h heated rods
[ by . unheated rods
: { BKPL : bundle head plate
N U lllllllIlillllllllllljlllllllllIIIIIIII'IIII|Ill]iJlllIJlllilllllLLlllllIlllllllllllllll

3000 4000 5000 6000 2000

Time (s}

8000 5SO00 10000 11000 12000

Fig. 38: CORA-30; Temperatures at elevations given
(1511-1450 mm)




—T5—

— IT_I'Tllll_rl'l|ll'[llll’lllIlIIllllllllllllrlle‘lmlll[‘lIIIIlllllllllIlllllllllll!lllllllll
& 125(] mm : 1 |— 12506Tps| 12¢
~o2000 % :
o 1150 mm | 1|— 1150ue.5 | 101
3 : 1
= 1050 mm -
s : : {|—t1i50H5.2 | 108
] i : : /
o vmsmanenmvnememae e R, .
s 1500 i : § J— tim0s4.8 | 111
@ :
41— 11s0she | 122
1000 — 10608hrI | 133
— 1050U2.2 | 162
500
U* IIlllLIlilJLLIlLJ._I_iJIIlllllliIlIIIllJ_L]IllLLLllILLl_lIIlllliIllllllllilllllIlllilIlLllIll
3000 4000 G000 €000 7000 8000 3000 10000 11000 12000
Time (=)
— Illllll’lllllllIllllllllIllIII!III:‘IIIIIIIIIIII!llllllllIlI1llIII‘IIlll!fllllll]lllllﬂllll
o 11 30° 1.7 / : ; ; g 950 mm}||— 950Ue.4 | 103
~ 2000 Ay | S
o - — 950R6.2 | 106
5 l
0 | — 9G0HS.5 | 109
a
a .
= 1500 _ — 9E03E.Z | 112
—
— SBOKerfi| 118
Looo — 950KerA| 117
— 9B50KerS| 120
500 | — am0she | 123
— 980shrl | 137
D lll|lIIIllIllIllLLLilIl|lllllil_llIllLLlillIllllIlillILIJL_IVIillJl|Illli'|lllllllillllllil|
3000 ° 4000 5000 6000 7000 8000 5000 10000 11000 12000
Tima (s}
shr on shrOyd : h heated rods
shrl shroud insulation u ! unheated rods
gas gastemperature gt : guide tube
kerA : ceramic protected thermocouples kerS : ceramic protected thermocouples,

inner side of shroud

Fig. 39: CORA-30; Temperatures at elevations given

(1250-1050,950 mm)




Temperature (°0)

Tempera‘ture e

— 76—

114
2000
i 115
104
1500
1000
500
O [IllllllllilllIlllll_i_lllIlllllillel_LlIIillIllIIIA"_LI_IllllllilIIIIIILIillIIIllllilllLll
2000 4000 5000 4000 7000 8000 S000 10000 11000 12000
Time (s
l'llrlll‘l_,[llillllll!lllllllll‘llllllllll‘!lllllllIl!llllllll‘l!lllllllll!llllillll!lllirllll
- 750: mm ' : : 750U4.4 | 105
2000 11 ********************
' F Y 750A4.6 | 107
| 750H2.5 | 110
1500 s -
] FEOG4.S | 113
FEOKera| 118
© 1000 - 750KerA| 119
750Kers| 121
500 ' Fs0shr | 124
#,;i;m FEOShrI {128
-~
i ' N . i ‘ . ' '
D lllllilllllllll'l]lLlll|l|lllIll|llllllllJ|llilll]llllllllIIIII|I'1|l|ll||l|llll|ll|l
3000 4000 5000 <000 2000 8000 35000 10000 11000 12000
, ' Time (s)
sp spacer h . heated rods
shrl : shroud insulation u : unheated rods
kerA : ceramic protected thermocouples ot . guide tube
kerS : ceramic protected thermocouples, abs : in absorber

inner side of shroud

Fig. 40: CORA-30; Temperatures at elevations given

(860,850,750 mm)




—_T7—

— 1_5DD llII[I.IIIl“l'lIIlITIllll(llIIII]—I_rlll'l_r‘lllIIIIIIlIlIlll!ﬁlIlIITIIIIIllllllm]lllfl_lllll'll
& L 1.1 30° 1.7 | § g ! h 550 mm — BBOU2.6 | 221
~ , A N : t g :
o B50U6.6 | 222
2 1200
2 B50U2.2 | 223
1]
e N
£ EEOHE.G | 226
= 900
= BEOGE.2 | 228
% B50KerS| 242
&o0 ;
3 B50Shr | 244
S50Shri | 247
300 ;
D IlllILllliIlIIIlli|ilL|lllLLlill|Illlll;_Llll|IlII;IIJLll[l_!_iJllllllllilllll;llLilllllllll
2000 4000 5000 6000 2000 8000 5000 lkUDDD 11000 12000
Time (=)
— 1200 Illllllllrrrl'll!lll!llllIIIIIlIllIIIll‘lITllllIllllllllllll'l_llllllllllll'l_rrlllrl_l_‘l_lll
g 475 mm sp!21ﬂ’ ||— sous.2 | 224
@ % § . el i . -
'5 1000 frooes N \ -------- Rt 450A6.2 | 233
2 1|— 475abst | 237
w .
z .
£ 800 —  47Eeket | 220
—_
&0 %"
400
200
D ||l|ll|IlIIlllll_Ll_Ll[lllll'll|llIlllilllIIIIJIillLLIIlllillll[llllilLIlllIl(illlllllj
3000 4000 5000 6000 2000 8000 9000 10000 11000 12000
Time (s
shr on shroud h heated rods
shrl = shroud insulation u unheated rods
kerS : ceramic protected thermocouples, gt : guide tube
inner side of shroud
sp Spacer abs : in absorber

Fig.

41: CORA-30; Temperatures at elevatlons given
(550, 475, 450 mm)




—78—

~~ 1200 lll'l_rl_llllll'lI_lllllllllllll'll!llllllrll!llllllI|l![ll|lll|l!lllllllll!IIIIIIIII!IIIIIIIII
& 10 30° 17 360U€.4 | 225
o 35004.6 | 234
5 1000
n 350HB.3 | 227
a
£ a80a ZE0G4.E § 250
f—
FEOKerS| 243
€00
3508hr | 245
3508hrl | 263
400 0Shrl | 2
200 Z § )
. 350 mm -
D lIlIlliJlIlllJ_I_lillllI_l_IllillllllllIEIllIIllJJ_i_IllJLLLl_lEIIlIl(l(liL(l_l_llllLi_l_LI[lll‘lL
3000, 4000 9000 s000 2000 8000 39000 10000 11000 12000
’ Time (s)
— 1000 ll_lllll!r[lllllll_!llllllrl_l—!'lllll_l_ll‘l!lll'_(lll[l!Illllllll!lllllllll!ll'llllll!llrr!lll
o : 150U2.4 | 231
2 150H3.3 | 228
3 oann B b T T e R T e
o 15084.8 | 241
|1 Y AT el RPN e P et S ST S, | " O
5
s 1508he | 248
—
1503hrI | 264
D LlllllllLllllllllIillllllllIilllllllllilllllllLlillIIJLI_LII.I.II_I_LLIII IllllllllllLllllll
3000 4000 &O0O0 D00 2000 8000 9000 10000 11000 12000
Time (s}
shr on shroud h : heated rods
shrl shroud insulation u . unheated rods
abs in absorber gt : guide tube
kerS

Fig. 42: CORA-30; Temperatures at elevations given

ceramic protected thermocouples,
inner side of shroud

(350, 150 mm)




—79—

1DDU ?lIlllIll"lIlllIllll|lIlllIIIl'lIllIllTll]lllllrr'll'lIllIlIlllllllllllllllllllllllIIIIIIIII
v ' H i )

E1.1 30° 1.7

ano

800

Temperature, (°C)

€00

——  EROShr 2682
——  BOShrl| ZeE

500 |

. . N N . v . v
U NIRRT SRR AR IR NN NN NI N RN NI AN NI L NN NI AR SUR NN EN TS RNN AN AR E IS NURE L]

3000 4000 5000 <000 2000 8000 98000 10000 11000 L2000
Time (=)

shr . on shroud h : heated rods
shrl . shroud insulation u . unheated rods
SHTS : between shroud and HT shield gt : guide tube

1

Temperature {(°C)

."|||‘"l‘l"lllll"'ll'rj'_"‘l'"'l'l'lllllll'l‘lll'1Tl|'|l' TrYrrreay LABERRAERER] |',’||"!
700 - RASARARBEN |RABARRSSRN IRRARARRAN | BSSRAREEAE BIAARESLIE BAALESSAL | BARSSSARAS s 3
! 4
; H
H ‘
o H H
E ' H
o ; :
F ) ‘ : —
600 s ’ : bovasosncucn bemorasacnncdas
9 H ’ ' : H ’ H H ]
q ' ‘ H H H ) 1
X H H H ; ' H '
4 ' ) ; H H 1 v 3
H H H . 1 . H
: : ' " osHi stz : ’ ’ 3
500 F---- P o "5""\)\[/' : ]
F 4 ; 3
s ; ; L ! J
9 H . o . i ]
3 ! 1803 ——--:L' - $424% Bindelhihe Omm b
s v H \ ? ]
L ; v N 3
400 Ceecnnmmney .E ............ E ......... { Rl . \ 2 4
3 : : | — Jampfro ]
F H ' 3
; H H \ Draufsicht; ;
300 f : : '
................................. \ 3
E ; ; | I 3
3 : : § y 0,6Mi5Lot 272 ;
[ : ]
F H H A ]
SR S eennan . b
200 | : : i :
o A H o ]
1 : : 180—T— G —3 ]
H N ]
; : : : Y 3
[ . H . ]
- ; ; J
100 :_,_,”___,_,: ............ E. ........ 5 3
0 mm: : a5N; Stot 274
b H .
H H
U TN FTRNRNTE SN NRTURNE (AVEERUTRR R TN AN E VI FA NN TN ORI FTESUSTEUN FUNINU NNV RUNTRTUANE INNSNNNIN.

3000 4000 5000 6000 2000 8000 9000 10000 11000 12000
Time (s)

Fig. 43: CORA-30; Temperatures at elevations given

(50, 0 mm)




— 80—

o~ 700 :lll’Tlll(!l111lllll!llll'llll,l'llll'll'lllllllll,llllll!ll!llII"I\I!II"IIIII!'I!I IIIII
& 3 ; sp (210°) — -2¢énbst | 2389
~ t (307 P
2600 s I ‘“ — -26fbst | 261
= i ; .
o F | e 1 — -B0DReS| 267
g 500 3 5 A R S :\ “““““
= 3 ' ' : — -BODRoA | 2¢8
R 3
400 : — -50DRol | 269
1 ; — -BODRol | 270
BDD ..............................................................................................
200 f»
100 F gy oosaps e e
D '-LI_IJIIIILJ._LIII|IIIIillllllvlllilIILlIIlIillllllllliJllllLI_I_I'IIllLl_Ill[ll_l_I_Illlllll|Illlll:
3000 4000 5000 6000 2000 8000 9000 10000 11000 12000
Time (s}
Y,
| —»—-m,—;L
, Dom pfrohr Kerermikrobechen
/ 7
L 2Lind Ll .t
S48, -—r--—-!——“T—" ;
4]
m o a 0.5N¢
T { 160 3454 145 °
: Stot 220+ 269
osN/ 0.58'
b
Laeche
T
45 M A5% ¢ 495' Slol 267 + 246
Heramrk pShrclea,
DRol : steam tube, inner side DRoA : steam tube, outer side

sp

Fig. 44: CORA-30; Temperatures at elevations given

. spacer

(-26, -50 mm)




g - 1|— 1o80u2.2 | 102
~ 2000

2 i 1|— -26nbst | 238
5 )

5 ;

v | J|— -26abst | 261
Q

o

g 1500

u’ L

—

1000

500

0
3000 4000 5000 6000 27000 8000 9000 10000 L1000 12000
Time (=)

Fig. 45: CORA-30; Comparison of temperatures 50 mm
above and 26 mm below the heated region

o~ prrrernvT l lllllllll | lllllllll l llllllll r lllllllll l lllllllll I lllllllll ‘ [[[[[[[[[ l |||||||||
5 ' s s : s : ; : s 1|— 12e067es| 126
¥ 2000 [ — B e R
L H ! N ' . | N ) L
o : : — -250QTr | 266
3 -4
had L
m
[ X } ' ; } N \ j . 4
g : : z : | : a z
g 1500 i P pr g e o A 7
[s1] - N : | \ | ' . . 1
—

1000

500

0
3000 4000 5000 000 7000 8000 S0O00 10000 11000 12000
Time (s

Fig. 46: CORA-30; Comparison of temperatures

250 mm above and 250 mm below the
heated region




—82—

L N . by N v v i
v N N ) v . +
« ) ) . s « B t
5 Ny v T ¢ N + :
2000 ........... Mesunmmen v, eeesesnanuny e msmaaswnn LD D LT T T T SO SV N Peansmmnvertgonnennnan -
' . » ‘ . . N ¢
N IS . s 5 y ' s
2 . s » . v ] * s
v . ' v . . x

L . < ‘ . . . h N
v ' ' . N . v )
’ + ) N ' v » .
\ . ' . ' . « N
100 ................................................................................................... -
+ . ' ) : B . N
. h . ' N ' ' N
L y s h ' v B ' v
. . ' N . ' N X

Temperature (°C)

) » > . ) l . v
- . + . . . v Ny ' 1
. ‘ . X i . v 3
v v v ' i v N v
S S D T N TN TSNS -
s s » ¥ 1 3 v v
. ' . v ' . . ’
| v ¥ ' Ny v } v v J
v i v v ‘ Ny y '
\

500 ; 1471 BKP
1511 H

ﬁ%___ 1331 fee

e + v d "
N N 0 == ?
| e
D T b b e g e e b g s L b g (NN ey gy

1 |— 1471H3.3

1[— 14718KP1

1|— t51112.3

1l— 1s11ekm | 120
11— -2ebst | 239

— -—26Abst

3000 4000 5000 6000 2000 8000 S000 10000 11000 12000

Time (=)

Fig. 47: CORA-30; Temperatures of the bundie head

plate and of the lower spacer




— 83—

2000 o

Temperature {°C)

1500 -..AM.“.;...v.vM,.M.‘u.,.‘“.“ML.. L., ..M;”,,.. ,‘v_,.m.“..“:‘..‘,“A..,E.,M......_:

1000 B At NSO

500

2500 T T T T e e P e T T T T e T T T O T e e T T

950
1050
1150
1250

136Q ——

D Illlllillillllll]lll IIIIIII lIilIIllllliilll!IIII|iIlI|IIl|li||lllllllilllllllllilllll'll\lllll
2500 3500 4500 5500 6500 7500 8500 9500 10500 11500
Time (s)

2500 L R R L RN R N R N R NN R N RN R R RN AR SRR

QDDD -A,‘. e , e maane s ._ A \..,,,,,H..:.Uu...ﬁu.‘E., R »,.\'

Temper ature (°C)

1800 | el NGB0

1000 ,..AA»V..V,A‘:A»\H‘«/xA;»«:w H\,..v,::i.;.,u &

500 g

850
750
550
450
350
150
50

) g b e e el g b e b b g e e b g g g gy

2600 3500 4500 5500 6500 7500 8500 89500 10500 11500
Time (&)

Fig. 48: CORA-30; Best-estimate bundle temperatures

at different elevations




— 84—

1400

3000S| e
1 B500s] ——-—
H500s| ----

p000s| — —
1 B500s| ——
7000s| ———

1200

1000

Elevation [mm]l

800
600
400 [PV

200

0 500 1000 1500 2000 2500
. Temperature [°C]

1400

75008 |
8000s|———

.............. u 9000s| ——
100008 foooos| - —

1200

1000 bl

Elevation [mm]

800
600 —-.»nn«.yv............-..%...‘.......<<'........‘..§....><v / ....... é.......y..ﬂ..».“vv—n.‘i .....................
400 / ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ .

000 Bt

] 500 1000 1500 2000 2500
Temperature [°C]

Fig. 49: Axial temperature distribution during the
transient of test CORA-30



30°

—85—

30°
300°

m
120(°m )

120°

)0°

550

390

1150

350

990




0S-YHO9 1S9} 10} plaiys ainjeladis)

LG "bid

ybiy ul sejdnooouriay) jo uollisod

ANGLE

345

o

RADIUS (mm>

192

233

N
£
£

s

Ll

.

=
pd

)

jad]

z

+—

=z

0

-

[

<

>

L

_

L

1250

169
234N

1130

170

235Ni

189
245Ni

990

930

171
236Mi

178
242Ni

120
245Mi

890

750

1720 |

237Ni

590

550

176

130Ni

168

127Ni

177
131N

173
238ni

191
247N

390

330

166
232Ni

150

167
233Ni

174

240Mi

179
243Mi

90

0




—87—

— 1200 ||‘||Ill|!lrlllIIII!IIIlmlI!rlllll||I!IIIrﬁrll!ﬂ1l||i|l!lllflllll"!‘l‘lllllll!lIlllllll
& 1 A o : : : : H ! — 930HTSI | 187
~ | - : ; ; : ! ; l
i yorh 4~
[a]] i N
e | 992 — 990HTSI | 161
3 10060 i ; 200
e 3 {|— so0HTaI| 185 |
2 i 590 mn P ; ;
£ 800 P . A N : 8 — 230MTSI | 18t
2 . \ — ‘ .
— BanHTSI | 183
600
— 390HTSI | 184
—  SOHTSI | 186
400
—  aoHTSI | 182
200 g
Ilullllljl_lllj_l_l_llillIIIIIIIilIlllLlllilllllllLlillllJ_lJlIiJ_LlIlIlllilllllllllilllllllLl
0
3000 4000 5000 6000 7000 8000 S000 10000 11000 12000
Time (s)

Fig. 52: CORA-30; Temperatures of HTS, Inner
surface at 153 mm radijus

t

o . rl.]lllllIllllllllllIIIIlllllIll_r[l'llllllll’ll’llll'i[lli"l"'l
mm ; ' ; : : .
v 1250 : A — 12B0HTSZ| 169

ASUVARUNRI
ARIIALIIIS,

AT ARV AN
DI

— 1150HTS2| 170

Temperature (°C)

Y
o
o

~J

[A3]

it

T

o)

[4)]

fN

-

~J

2]

AARLYARRURNTNARRR AN,
e g 2

43
51
[w]
I
-
)
)
-
N
(0]

Y — -BOHTS2| 175

. v . v ' ' y : b
CENTEENNTS SRR RINERN INENE NI RN SRR NN CI N R N RERE TN N SR INNE AR NINSUNTE SRR NINE TR N AR NI

000 4000 5000 €000 2000 £000° 3000 10000 11000 12000
' Time (s}

Fig. 53: CORA-30; Temperatures of HTS,

Temperatures in HT shield at 192 mm
radius, 345°

wo-



Temperature (°C)

200

180

L&l

140

120

1oa

80

- 20

0

3

60

40 ==

— 88—

Hllllll||||l||l||||||ll||||||lll|lllllllllllllllllllllllll‘lrl
H i + v 3 i

ANWANWLENAANWSIVG I
LALIIIIIIYY,

AYFAAUMNLINS
LRI

53 S SRS
NV,

TS5
DAV IAIIA IS

ST

SISO

SHTNAARUVAANWAKMNMANLINY

DN

.........................................................................................

BEOHTS3| 17¢
BSOHTS3 .1?7
950HTS3 | 178
150HTEZ| 173

. . v N . N . .
IIlllIllIllllIJLllIIlllllllllIllllllllllllII[IlIllIlII|IIIIlllIllllll'lllll||lllllllllll

000 4000 5000 6000 7000 S000 5000 10000 11000 12000

Time (=)

Fig. 54: CORA-30; Temperatures of HTS,
Temperatures in HT shield at 255 mm radius

Temperature (°C)

250

200

150

100

50

0

3000 4000 5000 €000 7000 2000 9000 10000 1

VT T O T T PR T PP T e P E e e PP re e e ey
v v 3 ' 1

SR

EYSAEILEMALRLAMRIR VAWML
DAL LL T ASA D TAI

LWRRY ARV

IARIRATIIATAA TSRV
D

ANIINUVINNWLY 555
LIS

WU

E

1150HTSA| 189
950HTSA| 180
SO0HTSA| 180
SEOHTER | 131
150HTSA | 192

' . ' . . . « « +
lJllJ_IIIIIIIIIIlIIIh_l_Llllllllll|ll|lllll|lllll|llllIIIllllLlllIlllII|Il[LLJIIllIIllIllIl

Time (s}

Fig. 55: CORA-30; Temperatures of HTS,

Temperatures in HT shield at 293 mm radius

1000 12000




Temperature (°C)

Temperature {°C}

1000

&00

&00

400

200

0

3000 4000

— 89—

lllrllllllllrl'llll_l'l'lilIlllll'lllllllllllllllllIIIIIIIIIIIIIIIllllIll‘lll'llllllllllllllll
B «

990 mm

120° 30°

= S90HTSI

161

—  980HTSI

187

v ) v s . v 1 .
AR TEREN IR AU IENC RGN ICENINE RE TR NN R RN AN AN INE RN NIRRT AR RTENRATE SN RN T NS IR RN RN

Fime ()

SR TIAHOLAR ARV UK
Q2LL2 2202000

N
N
N
Y
N
Ay
N
2N
-

N
N
G

A
N

7
%
%
7
%
%
Z:
2
:
é
%
Z:

STTSISTSISS
L UL AL I LIL TR LN

b

71 990mm

5000 000 2000 8000 S000 10000 11000 12000

Fig. 56: CORA-30; Temperatures of HTS, Comparison
on inner surface at 153 mm radius and

990 mm elevation

1000

600

400

200

0

llllllllllllllllllIllllllllllIllllllllllIllllIlIllllllllllIllllllllllIlllllllllllllllﬁ‘rll

890 mm

120° 30°

= BI90HTSI

ist

v . . v v s
b g e b b e g s b e e

— 8390HTSI

185

{0 A

S S ras
U A P o 2 0D

B2 72 T

890mm

3000 4000 5000 6000 7000 2000 S000 10000 11000 12000

Time (s

Fig. 57: CORA-30; Temperatures of HTS, Comparison
on inner surface at 153 mm radlus and

890 mm elevation



182

SOHTSI

i 2222
ADLIMITIIN

AMIHHIHMHIEHTIIMINMHISISTISS S iy

[l Y Peeeosssonam———

W

90mm

LU L L I N A A L L L L O L LI LA LU AL LA I BN L N U LN O O

Py

S

P
.V VU WG TS

B

(NN EETUSE RN R RN ETANURURIRNERIEREUNE)

.

[ERNIRUERI

ETENENTE CNSANIEENE IR NEINN SNINERNERTE |

200

250
200

wL:memaEmH

150

RN

1

0
0

2000 10000 11000 12000

2000

5000 000 2000

3000 4000

Time (=)

Ison

Temperatures of HTS, Compari

: CORA-30;
on inner sur

Fig. 58

face at 153 mm radius and

90 mm elevation



—91—

163
171
164
172

IsoOn

\\\\\\\;\\\\\ i \§‘

MMM /7/////4/// AN

i eeideedeee
R .§§Z§§A«§§A§P§;

mm \

\\\\ i
K 2 \\§ .

AN NN ////

R
TN /

950mm
750mm

— S950HTS2
— 8B0HTS2

— Z780HTS2

=)

Timne {

LN

AR RN RN LR LN

v
v
'
N

)
N

8000 3000 10000 11000 12000

]
.
.
i
v

Temperatures of HTS, Compar

leld at 192 mm radius and

950 mm elevation

S R T

T T T P T T P e ey

NS EETEE RIS RN ENI RN SR IASRNE NIRRT S RN SENTRURR A NENNSING R INNNENERR)

[ENERERIR AN TEE TN ERINU SR INNE RN SIS NETENE RNRTNCRNTE U RUT RN INNUTHETE!

P P T T e T T P T T T e P e e e e T T T

E T

400
50
300
50
oa
150
Loa

O o
o S Ty N = BTy
N - " m
(Do) Bdmedadus

500

a
1
<+

‘
:
:
:
:
:
;
.
:
: !
: !
: :
: ;
H :
: :
: :
: :
: o :
:
i o ;
'
: o :
:
: . :
: :
: :
: :
; LI Y H H :
: : :
H 2 o ; : ‘
: : :
R T T ey AUV ‘“ xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx B P TP Y .» \\\\\\\ REREEE u .................
- = d :
: : S on L : : : ; :
: : : _ _
F : o : : : : :
s ; | § ' 1 . i .
. : : : ; : h
- : ' : : : : - I
o ' i ‘ : : i Y-
: D 0 s 1 1 k3 i3 *
o " ' s 4 * i bl -
ol ’ + ' + 1 * s
S TN S AU TN NS SUDUUUL SUR, Y5 WORIS SO E 0 - E.. I b i N L e .Y Y 3
- : : ; ¢
- : 4 o E : : : : _ : ; ]
. ] E . : _ : : : ; ]
C o . : = TS E . ! : : : : ]
- © o ' ] . o© < H i s s ' -
l. ™ re) ’ = . © o i 1 + + 3 -
- £ o & 3 i i 1 '
L. “ -1 - ’ k] + i3 ’ .
] C : : : : : ]
- ; 1 o . o H : ) | H ]
- . - : : : : _ ]
E O ... AU SO RS S o : : : : ;
- SRS SO SR SO SUSUTR I . S S 3 S --- - eenae Jeeoinen beeeas feeeens PUSR. S b
- : 1 O = H h H H ‘ B
] E : : ; : : ]
- + - LA - / % ’ + s * -1
E . 4 : 1 - : : : : : ]
F 2 g o ° S R
K -1 o H s s s ' “]
E = & : . E 2 2 : : : : : 3
3 s : : : : ; ]
E . : ] o 0 2 - : : P : :
C - ! , : ‘ : : ! =
ded Lt L N P jum } YT AN N DU RN T U0 T ST ET U U S 0 S O MU TR U V0 A U0 W0 YO0 SN0 00 W00 WU B W IO 0 S W 1 S
o) :
o —

= 300
250

oo

150
100

50

(To) BJniEdadua]

Time (s

8000 15000 10000 11000 12000

Temperatures of HTS, Comparison

ld at 192 mm radius and

750 mm elevation

ie

HT-sh

5000 6000 7000

CORA-30
in

3000 4000

0

Fig. 60



Temperature (°C)

Fig. 61:

Tenperature (°C)

—02—

EDD 'l'l'!l_rlllllllglllllIlll!lIlllll‘ll.'lll’Illrl!lllllIIll!lllr|T|1|!||lllllll_
A ' — GBOHTS2| 1€2
450 1 g§ —
§§ BBOHTS2 | 165
N A
400 N\
' %§ — DBBOHTS2| 168
. A
350 i)
N — sE0HTS2| 173
dDU. §?§
- NN
250 NN
N
Ik
'y AN
200 1m0
_Jllllllllillllll||lillllllllliLlllll|IliillIIIll|iIllllilll'IIIllllllllllllllllLLI_l_llllll—
0
3000 4000 000 <000 7000 28000 sS000 10000 11000 12000

Tine (=)

in HT-shield at 192 mm radius and
550 mm elevation

CORA-30; Temperatures of HTS, Comparison

I LER N I'IIIIIIIII'IIIII!]I!I llllllll’lllll'lllI'Illllllll'llllllllllllllllllllllllllll
: — 150HTS2| 17
150 mm ]
41— 150HTSZ| 174
200
150
1aa
50
U Il‘l|lll||illlllllllilllllllllilllllll;!illlllllll;ll!IllllliljllllIllilllllllllil|lllllll- 150mn

3000 4000 5000 6000 27000 S000 9000 10000 11000 12000

Time (g}

Fig. 62: CORA-30; Temperatures of HTS, Comparison

in HT-shield at 192 mm radius and
150 mm elevation




—93—

llllll|IllllllIIIlI'lIIlIIIIlIIIIIllI|Ill!Illllll[lllllIl||IlI|IlIIIIIIIIIIIIIlJlllllllll

2000 4000

5000 6000 ~000

8000 8000 10000 11000 12000
Time (=)

Fig. 64: CORA-30; Temperatures of HTS, Radial
dependence at 550 mm elevation

’f_.\ )lllllI!I||l1r'!|rr||’lll||!||l||llll!l|l|||IlI!lllllllll!lllllllll
5 : : ssoHTS2 | 171
o 1000 Z
= f S50HTS3| 178
z A
L §§ 990HTSI | 187
§ 800 A
N
"5 §§ AROHTSA | 130
N
600 §§
N
N
N
N\
A
400 N
200
293mm
D L]lllllllIllllll]llllllll|lll]lIIlIllIl'lIlllIll|Illlllll((lllllllllll[LllllIl|'l_l]llllll
3000 4000 5000 000 7000 8000 3000 {0000 L1000 12000
Time (s)
Fig. 63: CORA-30; Temperatures of HTS, Radial
dependence at 950 mm elevation
.. 700 f
5 B50HTS2 | 162
2 ¢on N\ — BBOHTS2| 165
v % — BEOHTS3| 176
N
3 500 il
& ‘ § % — EEOHTSA | 180
400 JUH AN — I
N SANHTSI | 163
AN
300 I ALA




300

250

200

Tenperature (°C)

- 150

100 |

0

150HTE2

174

— 94—

1B0HTS3

3
v ' ‘
......... Luecmcumunnabhveoasunnrantionurcrssunnbonsnunnnnen

1B0HTSA

90 mm: / =153 'mm_
R )

. . ' . ' . . «
. . .
1 g e b e s g g g Lt g L g

LU A L LA LA L L 0o LB L BN I
i i v v i 3

3000 4000 5000 GDdU -70000 8000 5000 10000 11000 12000

Tine (s5)

N1 150 mm
§§ 90 mm

Fig. 65: CORA-30; Temperatures of HTS, Radial
dependence at about 100 mm elevation



—095—

200 llllll AR ( lllllllll IR

180
vag |t ff D cOTTECtRd

HZ production rate [mgrs]

N : : . N i . |
‘ N i . : i .
T 8 .. L o
\ { s
b 5 . B
.
- v | s : . . N
. . . . ’ : .
. . . v : v .
LDD T | T
s :
v . N . : N H
r . < i - v v -
s N . ; . : : <
g . e VD TN
*
v
t 3
3 s

40 INSUPURUUTE SNSRI ISR W § o
20 _..,.....,..;,.,..,,‘,._.},-,,”._. PPN 7. ...;,}.f....‘.,w;u..v”.‘.w;H.A...U..u.;»“u_.,.‘.,

0
3000 4000 5000 6000 2000 8000 SO000 10000 11000 L2000
Time [s]

200
160 ..-a.....~<vv.-z~....~

140 "“'"'"‘"""E"""

H2 production [gl

120 -4,.“‘.”“‘%..»..,..v.”.: - ,w«ni.......w

100

IS ARV A SO PR SN
8 1 ;
t ;
:
o ' = R i . o
H :
; b
;

40

20 -,..,..‘.,W.EM,,.,,N...é...,....,,..,_ h

0 v
3000 4000 5000 6000 2000 8000 9000 10000 L1000 12000
Time [s] .

Fig. 66: Hydrogen production in test CORA-30;
production rate (top) and integral values
(bottom)



N 40.0 AARARR AR ! lllllllll ! IIIIIIIII I IIIIIIIII I lllllllll l lllllllll ' lllllllll I lllllllll l ||||||||| A
= [ ; : ]
x [ ; : ]
C 35-0 :.“‘,.““..M:E ............ ::..w,,,-,,....n:....._.m\,.,;\.”.‘-.“.,Zﬂ,,““M....u-.v.“.,,.“..»..,.u.u.c....w.“.,,_-
a [ : . : ]
5 : ? 5 : | : | : :
o 20.0 :.H.v.-mn.?.....‘.M_.u.‘;.“_..,.....y:..-, "Chemlcal”power'"“:”'"‘:
25.0 5‘...,.““.,;:....4\.-“MET....,M...\“;.. PR .,4:?.4.“.\.,“4.‘.24.”‘V._..A-.Ai‘u_.._..“.f:-.‘.,.A..u.u.i..ﬂ,'”._.”..:
15-0 :.uqvA»rv~r».£~~‘.»~ﬂ¢~-‘-u‘;«~n.~~;_~\~-~.-Z-. .,._4.4...v’<’ AAAAAAAAA E— ----------- E» vvvvvvvvvvv :; ~~~~~~~ ~:

: : —electric:power ]

5.0

: | : ; { :
BT B . N LIS TEE RIS EF TR PSR INPPEP RN
: : : . . ¢
: . : ; : H
. ] . . : N : 4
|||||||l|||t|||nhulnt|1||lllnnnlunnlnlum

0.0

3000 4000 5000 000 ~0O00 8000 S000 10000 11000 12000

Time (s}

Fig. 67: CORA-30; Comparison of chemical and

electric

power



Pressure (Bar)}

3.00
2.50 |
2.00
150 |
1.00

0.50

0.00

5.00

—97—

4.50 F
4.00 |

3.50 -

2500

4.50

4.00

3.50

Pressure (Bar)

3.00

5.00F

o ' ] l o ' "Hé-—ss.anrckw
- S6.40rck | B0
]| ss.20rck | 51
] — S4.4Drck 52
— §3.30rck B3
no signal due to blocked line """"""" """"""" """"""
3000 3500 4000 4500 5000 5500 6000 6500
Time (s)
Fig. 68: CORA-30; Internal pressure of fuel rod
simulators and absorber rods
— S&.60rck 43
- S6.40rck | B0
— 86.20rck 51
¥ — S4.4Drck 52
— §3.30rck 53

2.50 f
2.00¢
1.50 ;
1.00 ;

.50 [

0.00

-

5600 5620 5640 5660 5680 5700 5720 5740 5760 5780 5800

Time {(s)

Fig. 69: CORA-30; Determination of failure time by

pressure loss measurement




—o8—

Pressure Loss Measurement

Video Measurement

Failure of rods

Start of Melt Movement

Absorber rod 6.2 5620 s
5644 s 800 mm
5645 s 600 mm
5650 s 700 mm

Fig. 70: CORA-30; Comparison of failure time

determined by pressure loss measurement
or first melt movement due to video

inspection

Failure temperature rod 6.2:
Failure temperature rod 4.6: > 1180°C.

1500

<1330°C

1450
1400 |

1350 |

Tempetrature (°C)

1200 k
1250 f

1200 b

1100 B

1050 F

]i— ssouss

3| — 780U4.4

] |— 9B0ARs.2

3|— 7moate |t

J|— 9506s.2

Ji— 75064.6

L QD) it
5000 5100 5200 5300

5400

5500

5600

500 5800

Time (=)

Fig. 71: CORA-30: Determination of failure of
absorber rods 6.2 and 4.6 by irregularities in
absorber and guide tube temperature

measurement




Temperature (°C)

Heated rod 3.3
Unheated rod 4.4
Unheated rod 6.4
Unheated rod 6.6

—99—

Failure
time

5670 s
5720 s
5730 s
5740 s

Failure
temperature

<1410°C
<1420°C
<1430°C
<1440°C

1500 |
1450 ;
1400 i
1350 |
1300 }
1250 |
1200 ;

1150 }

109

103

104

110

750U4.4

105

1100 &

5600 5620 5640 b5es0 5680 5700 S720 5740 5760 5780 5800
Time (s

Fig. 72: CORA-30; Temperatures at failure times of

fuel rod simulators determined by pressure
loss measurement (Fig.69)




—100—

'OG — 950U4.4 | 103
@ — 78B0U4.4 | 108
3 :

\ — 950H5.5 | 108

2 :

[m R J

g ¢ — FBEOHZ.G | 110

— : ;

1100 ; %
1050 f
1000 :..“.“iulLu“.n.“Lu,J.“..“.J.U{“.“i”.n.”.h.“ T TR
R000 5100 5200 SSDD 5400 5500 5800 5700 53800
Time (s)

Fig. 73: CORA-30; Comparison of temperatures on
heated and unheated fuel rods at absorber
failure time

U0l sy s L W L M L L L L

o |— 9s0us.4 103
™~ 1300

@ — eB0U2.4 | 104
2 1800

0 — 750ii4.4 | 105
2 1700 i

s

9

1600

1500

1400

1300

1200

1100

' . s ’ v ‘ i
' ’ 1 ' i 3 . ’ i
1000 b [TYCTARTNTEUTON] FNTTRTIRTR FUUTIRTI R INTTNTTRTI AN TN TENL FUVUNITRTE TR TERTIN] IRTTNTTNTI ATUCTNIT

5000 5100 5200 5300 5400 5500 5600 5700 5800 5900 €000

Time (s}

Fig. 74: CORA-30; Temperatures of unheated fuel

rods




—101—

Rod
suspension

Container
with epoxy resin

///////Shroud

l \

///////Contour
: of bundle

//////Pﬂoum

Hose

1—. ). Epoxy
S _“_235:::::::::: Silicon plasticine
/ Wax

Steam inlet pipe

Fig. 75: CORA-30; Epoxing process of the test bundle



Elevation [mm]

—20l—

1400 T 1400 | T 1 T
E .
[
] — pre-test L
; g
1200 L : = post—te D 1200 |-
: L
HD: : —-= heater
i
:
1000 | 7777 1000 |~
|
i
! =
soo | / 800 |-
1
! <
]
i >
LI .
600 F ! 600 j—
|
1
1
1
|
a0 | i 400 |-
!
! 3000 s
I
200 | | 200 —
:
i
H
i
i
| | | | 0 }\ | l
20 40 60 80 0 500 1000 1500 2000

Relative blockage [%)] Temperature [C°]

Fig. 76: CORA-30; Axial volume distribution after the test compared to
the axial temperature distribution during the test

2500

c30f76.cdr



= 1400 T Y x E 1400 [T 1 T I I
E_ — Post-test E ,
S — Pre-test 5 \
g g
1)) -
& 1200 |- rJ — o 1200
1000 | ) ~ 1000 |~
1
800 |~ . — 800 |
600 I~ - 600 -
- |
1 :
400 I : -~ 400
3000 5
200 |~ - 200 [~ -
0 ] ] ] 0 \\ j ] ] ]
100 200 300 400 500 0 500 1000 1500 2000 2500
Specific mass [g/cm] ’ Temperature [C°]

Fig. 77: CORA-30; Axial mass distribution after the test compared to
the axial temperature profiles during the test



e

S

Lo

.

5]

Pretest appearance of bundle,
insulation

go)
>3
o
. .
e
)
g o]
S
<o
<< 5
@ O
c
Ow
X
(o}

Fig



s

> N
°LEL
OMOMONC]
0O ®
KON}
KK

7 7 7,

INEN

SO NN

120 °

~

—105—

N NN -

T
XX
ORI
0.0.0

RO
0 ©©® o)

v

210 °

ire

Posttest appearance of the ent

: CORA-30;

Fig. 82

»
J

bundle length with shroud insulation

210°, 120°, 30°



‘
©o©
@o@
@O@)
o)
Ry

O
(@)
O)

210 °/
t ,

SN
@.@
@O©
@o@)

®®

L

Fig. 83: CORA-30; Posttest appearance of the bundle
with shroud insulation; 300°, 210° orientation:;
300-1100 mm



—107—

AT RSN %
To o 00V
4 OO @ |7
R IOMOMONMOR W
30 '/@;@8@8@ V
©®©®® ©)7
LS S
(mm)
1000 ™
500 =

Fig. 84: CORA-30; Posttest appearance of the bundle
with shroud insulation; 120°, 30° orientation;
300-1100 mm



—108—

. A

X
@O O ON
Lo e e

CHONCNC)

® O O

ooog

BRGNS

<

o ~
10 0 0@
o e ol

[OMONONC]

O 0 @ |
® OO

CECNCKC)

<

o

"

4

® 0006}

N

RO
® 00
O8O ®
CHONONY

SRS SATNY

30°

120°

300°

ree——

=

SRR

ide of

o]
o O
w (o4p)
no
c
=
L o
- O
Y=
O N
58
S8
t.,
(7))
(<))
et
-
/s
@]
al

E}

30
shroud insulation

.85: CORA

Ig

F

on

tat

orien



—109—

T

R S

Ko

©

=

S

«

o
n...w...v.7
o]
M5
36
-1
L "
oc 18
mw2
o
2k
2o
UIII
o o
_..Iu
o
=%
S o
v T
.m._v.V
- O
3 E
a2

Fig. 86

tation

orien



—110—

e
2

30 after partial
120°, 30°

f bundle CORA

iIiew O

Posttest v
removal of shroud

Fig. 87

300°, 210°,

.
b

Ion

tat

orien



(C°)

(mm)
2045

1100

345° and 255°

iew:

» CORA-30: Posttest vi
on

Fig. 88

0N

650 - 1100 mm elevat

H "
b)

tat

orien



—112—

1100

2135

300° and 210°

iew:

: CORA-30; Posttest vi
ion

Fig. 89

ion

650 - 1100 mm elevat

H L]
)

tat

orien



165° and 75°

iew;

Posttest vi

30;
ion

CORA-

ion

650 - 1100 mm elevat

)

tat

orien

Fig. 90



—114—

2135

120° and 30°

jew:

Posttest vi

30:
ion

: CORA-

Fig. 91

ion

650 - 1100 mm elevat

]

tat

orien



—115—

887 mm 1967°  650mm 1567° 299mm 998°

832°

142mm

792mm 1880°  441mm 1096° -30mm 683°

Fig. 92: CORA-30: Horizontal cross sections of bundle,
top view (887- -30 mm)



—116— 30°

Absorberrod 6.2 DE®)
300° @ ¢ 120°

1174mm  1772° 807mm 1880° 493mm 1159° 142mm  832°

1029mm  27150° 782mm 1880° ~15mm 691°

872mm 7933° 835mm 1812° 299mm 988° ~87mm 666°

Fig. 93: CORA-30; Horizontal cross sections of the
region of absorber rod 6.2, top view
(1171 - 57 mm)



Absorberrod 4.6 @@@2.@@
300° @@ A | |10

M7imm 1772° 807mm 1880°

/

1967°
L

872mm  1933° 835mm 1512° 299mm  998° .57mm  666°

Fig. 94: CORA-30; Horizontal cross sections of the
region of absorber rod 4.6, top view
(1171 - -57 mm)



—118—

Fig. 95: CORA-30; Vertical cross sections through
absorber rod 4.6, both sides of the cut
(495 - 872 mm)
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Appendix A

Test data of the initial heating phase (3000 - 7000s)

Figures A1 - A24
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Appendix B

Test data of the pre-heat phase (-12000 - 3000s)

Figures B1 - B22
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Fig. B21: CORA-30; Temperatures at elevations given;

pre-heat phase (50,0 mm)




—166—

— 600 L L L} ! L] L ! ¥ T ! T ¥ ! :
s 3 3 ? ; = 1 |— -26pbst | 229
2 i [ R S T J|— -26nbst | 261
3 500 - ““““““““““““ o E—‘ ; : ]
o - 3 |— -SoDRot| 267
o F E
D_ L
= 400 1|— -soorea| 2es
— r E
: — -BODRoI | 2e9
200 F
; — -B0DRoI | 270
200 f
100 f
: 1 1 i 1 1 i 1
1}
-12000 -3000 -6000 -3000 0 3000
Time (s}
— 70 3 v L ]. T J ! v T ] T r
5 i ‘ i : {|— -z50a1r | 2¢¢
e ] |— -300a1r | 62
2 ]
m
L.
@
a
=
Q
b—

*E' E| { { 3 i " 4 4
0
-12000 ~-3000 -6000 -3000 0 3000
Time (s)

Fig. B22: CORA-30; Temperatures at elevations given;

pre-heat phase (-26, -50, -250, -300 mm)
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Appendix C

Complete set of cross sections

Figures C1-C9
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Fig. C1: Horizontal cross sections of bundle CORA-30
(1171, 1029 mm)
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Fig. C5: Horizontal cross sections of bundle CORA-30
(493, 478 mm)
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Fig. C6: Horizontal cross sections of bundle CORA-30
(441, 299 mm)
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Fig. C7: Horizontal cross sections of bundie CORA-30
(142, -15 mm)
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Fig. C8: Horizontal cross sections of bundie CORA-30
(-30, -57 mm)
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Fig. C9: Horizontal cross sections of bundle CORA-30
(-157 mm)
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