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ABSTRACT 
The CORA quench experiments 12.13 (PWR) and 17 (BWR) are in agreement with 
the inpile tests LOFT LP-FP-2 and PBF SFD-STand the TMI accident: Flooding of 
hot Zircaloy clad fuel rods does not result in an immediate cooldown of the 
bundle, but produces a remarkable temporary temperature increase connected 
to  a strong peak in hydrogen production. 

For the preparation of new quench bundle tests, necessaryfor the understanding 
of the mechanisms governing the quench process and support for validation of 
future quench models in SFD codes the three tests are compared to each other 
and to the relevant non-quench tests CORA-29 (PWR) and COW-1 6 (BWR). 

The PWRtests CORA-l2 and CORA-l3 are of the same geometrical arrangement 
and test conduct. An exception is the shorter time between power shutdown and 
quench initiation for CORA 13, resulting in a higher temperature of  the bundle at 
start of  quenching. 

The BWR test CORA-17 used B4C absorber and Zircaloy channel box walls, but was 

in respect to the delay time between power shutdown and start of quenching 
similar to  test CORA-12. 

All three tests showed during the quench phase the temporary temperature 
increase correlated to  a hydrogen peak. In test CORA-12 with a delay of 300 s 

between power shutdown and start of  quenching, resulting in a cooldown of 
more than 100 K, a delay of about 50 s was registered between start of  quenching 
and the initiation of the increase of temperature and hydrogen production. 

The water level at this time had already reached the elevation of about 200 mm. 
In test CORA-13 with a start of quenching 30 s before power shutdown, 
temperature and hydrogen production increase started immediately after start of 
quenching. 

Immediately after quenching BWR test bundle CORA-17 experiences a modest 
increase for 20 sand changed then in a steep increase resulting in the highest 
temperature and hydrogen peaks of the three tests. CORA-l7 also showed a 
temperature increase in the lower part of the bundle, in contrastto CORA-12 and 
CORA-13 with temperature increase only in the upper half of the bundle. We 
interpret this earlier starting and stronger reaction due to  the influence of the 
boron carbide, the absorber material of the BWR test. 

B4C has a exothermic reaction energy 4 to  5 times larger than Zry and produces 
about 6 times more hydrogen. Probably the hot remained columns of B4C (seen in 
the non-quench test CORA-16) react early in the quench process with the 
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increased upcoming steam. The bundle temperature, raised by this reaction 
increases the reaction rate of the remained metallic Zry (exponential 
dependence). Due to  the larger amount of Zry in the BWR bundle (channel box 
walls) and the smaller steam input during the heatup phase (2 gls instead of 6 
91s) more metalliczry can have survived oxidation during the heatup phase. 

The different behavior of the three tests provides a good basic for the validation 
of  further quench models. 
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Kurzfassung: Vergleich der Quenchexperimente CORA-12.13.17 

Die Quenchexperimente CORA-12, CORA-13 und CORA-17 zeigten ebenso wie 
die Inpile-Experimente LOFT LP-FP-2 und PBF SFD-ST in Übereinstimmung mit 
dem TM1 2-Störfall beim Fluten des überhitzten Bündelsvor dem endgültigen 
Abkühlen einen starken Temperaturanstieg, der mit einer heftigen 
Wasserstoffentwickung verbunden war. 

Als Vorbereitung für neue Quench-Bündelversuche und für die Überprüfung von 
Quench-Modellen in SFD-Rechenprogrammen wurden die drei Experimente 
miteinander und mit den entsprechenden Nicht-Quench-Experimenten CORA-29 

(DWR) und CORA-16 (SWR) verglichen. 

Der Unterschied zwischen den Druckwasserreaktor-Experimenten CORA-12 und 
CORA-13 lag in der kürzeren Zeit zwischen Ende der elektrischen Energiezufuhr 
und Quenchbeginn für CORA-13, was eine hbhere Bündeltemperatur beim 
Quenchbeginn zur Folge hatte. Das SWR-Experiment CORA-17 mit B4C-Absorber 

und zusätzlich simulierten Zircaloy-Kanalwänden war in Bezug auf die 
Verzögerungszeit zwischen Ende der elektrischen Energiezufuhr und Quench- 
beginn dem Versuch CORA-12 ähnlich. 

Vor der endgültigen Abkühlung zeigten alle drei Versuche während der 
Flutphase einen zwischenzeitlichen Temperaturanstieg, der mit einem Peak in 
der Wasserstofferzeugung verbunden war. Im Versuch CORA-12 lag eine 
Verzögerung von 300 s zwischen dem Abschalten der Leistung und Flutbeginn 
mit einer Abkühlung von gut 100°C vor. Dies hatte eine Verzögerung von Ca. 50 s 
zwischen dem Flutbeginn und dem Anstieg von Temperatur und 
Wasserstoffproduktion zur Folge. Der Wasserspiegel hatte in dieser Zeit schon 
eine Bündelhöhe von Ca. 200 mm erreicht. Im Versuch CORA-13, mit einem 
Flutbeginn von 30 svor Leistungsabschaltung, stiegen Temperatur und 
Wasserstofferzeugung unmittelbar nach dem Flutbeginn an. 

Der Siedewasserreaktor-Versuch CORA-17 zeigte nach dem Flutbeginn für 20 s 
einen leichten Anstieg und wechselte dann in einen steilen Anstieg für 
Temperatur und Wasserstoff über. Von den drei Quenchexperimenten hatte 
CORA-17 den stärksten Anstieg in der Temperatur und in der 
Wasserstofferzeugung. 

Im Siedewasserreaktor-Versuch war im Gegensatz zu den beiden DWR-Versuchen 
auch im unteren Bereich des Bündels einen Temperaturanstieg zu erkennen. Wir 

führen den beschriebenen Unterschied auf den Einfluß des Borkarbids, dem 

Absorbermaterial des Siedewasserreaktors, zurück. 
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Der Energiegewinn bei der Borkarbidlwasserdampf-Reaktion ist4 bis 5 mal 
größer als bei der ZrylWasserdampf-Reaktion und erzeugt auch Ca. 6 mal mehr 
Wasserstoff. Wir nehmen an, daß die heißen gesinterten Restsäulen, sichtbar im 
Nicht-Quenchtest CORA-16, beim einsetzenden Quenchvorgang mit dem stark 
zunehmenden Dampfstrom reagieren. 

Die durch diese Reaktion erhöhte Bündeltemperatur bewirkt eine erhöhte 
Reaktionsrate des verbleibenden metallischen Zry (exponentielle Abhängigkeit 

von der Temperatur). Die größere Zry-Menge im SWR-Bündel (zusätzlich BE- 

Kanalwändelund die geringere Dampfeinspeisung während der Aufheizphase, 
d.h. 2 gls anstatt 6 gls kann eine größere Restmenge metallischen Zircaloys beim 
Quenchbeginn ermöglichen. Das unterschiedliche Verhalten der drei Versuche 
bietet eine gute Möglichkeitfür die Überprüfung zukünftiger Quenchmodelle in 
Rechen-Programmen. 
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1. Introduction 

Three of the nineteen CORA-tests were completed by quenching. As the most 
important results CORA-12, CORA-l3 and CORA-17 showed a preliminary 
temperature increase in coincidence with a peak in the hydrogen production 
before the final cooldown. This is  in agreement with the results of  the PBF SFD-ST. 
and LOFT LP-FP2 quench experiments as well as the TMI accident. 

These phenomena can be explained by the exothermic zirconium-steam reaction. 
Without knowing the mechanisms in detail, we have to  assume that the ZrO2 
layer of  the Zry cladding looses i t s  protective character to  a large extent during 
the quench process. The smooth protective ZrO2 layer, growing during heatup, 
results in an oxidation reaction reciprocal to  the layer thickness. Cracks or 
spallations caused by the quench process would allowthe steam t o  access the hot 
metallic Zry. The Zrlsteam reaction, growing exponentially with temperature 
would result in the measured temperature escalation, parallel t o  the 
corresponding hydrogen production. 

In this report, we compare the temperature and hydrogen production behavior 
of the three tests to  the respective non-quench testsand among each other. 
These comparisons prove, that the temperature and hydrogen peak are 
connected to  the quench process. But it also showsa highertemperature and 
hydrogen increase in BWR test CORA-17 than in PWR tests CORA-l2 and CORA- 
13. In CORA-l7 to the start of the quench process, the increase of temperature 
and hydrogen is found earlier. 

We assume that this additional temperature increase and production of  
hydrogen iscaused by the remnants of the B4C absorber which i s  present only in 
the BWR test. 

2. Test description 

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 put on 
the fact thatthe test bundlescontain all materials used in light-water reactor fuel 
elements to investigate the different material interactions. Pellets, claddings, grid 
spacers, absorber rods and the pertinent guide tubes were typical to  those of 
commercial LWRs with respect to  their compositions and radial dimensions. 

Figure 1 gives a simplified flow diagram of the CORAfacility and Figure 2 the 

arrangement of the facility. The central part of the facility was the fuel rod 
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bundle. The bundle was enclosed in a Zry-shroud with Zr02 fibre insulation. A 
high- temperature radiation shield surrounded the bundle, leaving an annular 
space for moving up the quench cylinder. The bundle was connected to  the 
power supply system at the upper and lower end. 

Belowthe bundle wasthe quench unitwith a water-filled quench cylinder, which 
could be raised with a controlled speed. The cylinder was guided by three rods, 
which also connected the electric power to the bundle lower end. At the 
beginning of the test the water level was 220 mm below the "zero elevation" of 
the bundle. The "zero elevation" corresponded to the lower end of the pellets in 
the heated rods. 

The upper end of the fixed bundle was at the bundle head plate. The plate was 
connected by a funnel-shapped 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 led to the 
lower end of the bundle, entering at "zero elevation". The steam not consumed 
within the bundle was condensed into two parallel condensers and the hydrogen 
produced was given to  the off-gas system after dilution to  low H2 concentration 
by air. 

The arrangements of  the PWR and BWR bundles can be seen from Figure 2. We 
used heated and unheated fuel rod simulators. Both types were sheathed with 
standard Zircaloy-4 cladding (10.75 mm outer diameter). The central part of the 
heated fuel rod consisted of a 6 mm tungsten rod surrounded by U02 annular 
pellets. The tungsten heater had an effective length of 1024 mm. At the top and 
the bottom the tungsten heater is screwed into MO-electrodes of 300 mm length 
which fitted directly into the Zry cladding. The molybdenum electrodes were 
connected t o  copper electrodes and both were electrically insulated from the 
Zircaloy cladding by a flame-sprayed ZrO2 layer. The unheated fuel rod contained 
solid U02 pellets. 

The standard PWR bundle consisted of 16 heated, 7 unheated and two absorber 
rods. They were composed of original components. The (Ag80, In1 5, Cd5) 
absorber material was sheathed in stainless steel and this rod was surrounded by 
a Zry guide tube. Three spacers were used in the bundle to  maintain the 
geometry. The material of the middle spacer was lnconel718 and the upper and 
lower were made of Zry-4. 
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The BWR bundle simulated the arrangement of the absorber placed between the 
bundles which are surrounded by a channel box. The original B4C powderlstain- 
less steel rods inside the stainless steel blade were separated from the fuel rod 
simulators by the Zry channel box walls. 

The bundle was surrounded by a Zry-4 shroud of 1.2 mm thickness. The steam 
entered the bundle at 180°and at the 0 mm elevation. To minimize the heat 
losses, the shroud was surrounded by an insulating layer of ZrO2 fibre of 19 mm 
(0.75 inch) thickness. Since the ZrO2 fibre layer has a low heat conductivity and 
heat capacity, the shroud temperatures could follow the bundle temperature 
closely. Since the Zryshroud participates in the interaction with steam, the 
resulting oxidation energy contributes substantially t o  the bundle heatup. 

To keep the heat losses as low as possible, the bundle was additionally 
surrounded by a high-temperature shield. This shield consisted mainly of  ceramic 
fibre plates (inner plates ZrO2; outer plates AlzO3). 

The power input was controlled by measuring the currents of  the single rods and 
settings of  the common voltage necessary to obtain the desired power history. 
The electric heating by direct current avoided the generaton of eddy currents in 
the structures of the facility.. 

3. Test conduct 

Generally the tests were performed following the same procedure for each test. It 
can be divided into three phases (Figure 3-7). 

1. gas preheat phase 0 - 3000 S 

2. transient phase 3000 - 4900 s (about) 

3. quench or cooling phase. 

In the gas preheat phase there wasa flow of 8 gls preheated argon and a low 
constant electric power input of about 0.65 kW. During this period the 
temperature in the insulation reached a level which was high enough to  avoid 
steam condensation. To keep the videoscope windows clear, a total flow of 1 gls 
argon was directed to the front of the windows of the videoscopes. The pressure 
in the system was controlled to  0.22 MPa (absolute). 

During the transient phase the temperature increase of initially 1 Kls was 
achieved by rising the electric power input from 6 to  27 kW in the PWR tests and 
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from 6 to 26 kW in the BWR tests. At 3300 s an additional steam flow of 6 gls for 
the PWR tests and of 2 gls for the BWR tests was added to  the test section. 

The electric power input was terminated at about 4900 S. For comparison, tests 
CORA-29 and CORA-1 6 then started the slow cooling phase. In test CORA-l3 the 
flooding phase was initiated 30 s before the initiation of power shutdown (Fig. 8). 

In consequence, the quench process started at the maximum temperature. In 
tests CORA-12 and CORA-17 the initiation of quenching was delayed by about 
150 s after the shutdown of power (Figure 8), which allowed a certain cooldown 
of the bundle. 

The flooding of the bundle was performed by hydraulically rising the water-filled 
quench cylinder. Due to  experimental reasons the rise of the cylinder had to  be 
performed in a stepwise mannerto reach the mean increase of 1 cmls. A period 
of faster increase is alwaysfollowed by a resting phase. The time history for the 
elevation of the upper edge of the quench cylinder and the water in the quench 
cylinder is  given in Figures 9 t o  11. The water level in the quench cylinder was 
determined by measuring the pressure difference of the water column. The 
decrease of the water level during the resting phse of quench cylinder gives the 
evaporation of  the water from the quench cylinder. The strong fluctuation in the 
signal in the upper part of the bundle was caused by the strong agitation in 
quenching the bundle of very high temperature. 

From time history of  the water level in the quench cylinder the evaporation rate 
during the quench process was determined, taking into account the additionally 
added water to  the quench cylinder. The results are given in Figure 12 for CORA- 
13 and CORA-17. 

4. Comparison of results 

4.1 Temperature escalation outside the bundle 

In the quench tests the flooding process isaccomplished by moving up the water- 
filled quench cylinder. Therefore all thermocouples must be introduced into the 
bundle from the top. In consequence, more thermocouples were destroyed 
within the bundle towards the end of the test. The innermost positions outside 
the bundle at which the thermocouples completely survived, were located at the 
inner wall of  the high-temperature shield. There the temperature was measured 
at different elevations. In Figures 13 t o  15 for the three testsCORA-12, CORA-l3 
and CORA-17 the temperatures at the inner wall were compared to  those 
measured in the relevant non-quench test: CORA- 29 for the PWR and CORA-16 
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for the BWR bundle. The temperatures measured on the inside of the high- 
temperature shield were delayed to the temperatures inside the bundle, but they 
represent the temperature behaviour of the bundle verywell, having the 
advantage of showing resultsfor the whole test time at all elevations. 

In Figure 13 the comparison of CORA-12 to  CORA-29 shows up to  the quench 
initiation at all elevations the same behaviour for the temperatures measured at 

different elevations: a temperature increase similar as in the bundle during the 
heating phase, which changes into a temperature decrease after shutdown of the 
electric power. The general lower temperatures in test CORA-12 was caused by 
the lower temperature of  the incoming argon during the gas preheating phase. 
The influence of quenching in test CORA-12 resulted in a sharp temperature 
decrease up to  390 mm and a temporary increase above 590 mm elevations. 

In Figure 14, test CORA-13, compared to CORA-29 confirms the resultsfound for 
CORA-12. Due to the same temperatures of the incoming argon during the gas 
preheat phase the general temperature level was the same for CORA-l3 and 
CORA-29. In CORA-13 the quench process was started 30 s before the initiation of 
the power shutdown. As a result, the temperature increase took place 
immediately after the heating phase. The temperature increase was larger than 
in test CORA-12. 

For BWR test CORA-17 the influence of quenching was much more pronounced. 
The lower temperature level before quenching was due to the temperatures of  
argon during the gas preheat phase for CORA-17 and CORA-16. But a much 
higher temperature increase due to quenching was reached for the BWR bundle. 
Also a slight temperature increase started already at the lowest measured 
elevation. This temperature increase already at low elevations is also seen in the 
measurements of the temperature on the outside of the bundle insulation as 
shown in Figure 16. 

4.2 Temperature escalation inside the bundle compared to the hydrogen 

production. 

The temperature behaviour of the bundle in comparison to  the hydrogen 
production is presented in Figures 17 to 19. For each of the three tests 
temperatures are given at three elevations in the upper part of the bundle 
between 750 mm and 1350 mm. The relative time dependence of the hydrogen 
production was measured in the off-gas-system. 
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The temperature measurements in the bundle confirm the behaviour found on 
the inner wall of  the high-temperature shield: All tests resulted in preliminary 
temperature increase due to  the quench process. The delay between power 
shutdown and quench initiation in CORA-12 resulted also here in a temperature 
decrease earlier t o  the quench-caused temperature peak. Due to  the higher 
starting temperature the temperature increase was larger for CORA-13 as 
compared to  CORA-12. But the most pronounced temperature peaks were found 
for BWR test CORA-l7 though also CORA-17 had a cooldown period between 

electric energy shutdown and quench initiation. The hydrogen production in all 
three tests i s  unambiguously correlated to the temperature of the respective 
bundle. Again the hydrogen production was higher in CORA-13 than in  CORA-12 
and significantly more hydrogen was produced in CORA-17. 

Figures 20 to 22 give in addition the temperature peaks measured in the three 

tests. 

4.3 Time delay of the quench reaction 

The build-up of the temperature and hydrogen peaks relative to the quench 
initiation in Figures 17 to 19 show a different delay behaviour for the three tests. 
For comparison with SFD code calculations the shape of temperature and 

hydrogen peaks relative to  the quench initiation are given in Figures 23 to 25. 

Always the relative hydrogen production, the temperature peak and the water 
level in the quench cylinder are given. In all three tests the close correlation . 
between temperature and hydrogen increase can be seen. In test CORA-13 the 
reaction rate (temperature, hydrogen production) increased practically together 
with the quench initiation (30 s before electric power shutdown). The cooldown 
of bundle CORA-12, due to  the delay between power shutdown and quench 
initiation, resulted in a delay between quench initiation and start of temperature 
and hydrogen increase. 

For BWR test CORA-17 (Fig. 25) with a similar cooldown time as CORA-12 the 
delay after the quench initiation was shorter. In CORA-17 for 20 s a flat increase 
was found which then changed into a fast increase. As discussed later this 
different behaviour is assumed t o  have been caused by the remnant B4C of the 
BWR absorber. 
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4.4 Explanation of the stronger reaction in the BWR test CORA-17 

The comparisons discussed above show a significant higher temperature and 
hydrogen production increase during the quench process for the BWR test 
CORA-17. In CORA-17 the temperature increase is also found in the lower part of 
the bundle and there was a faster response after start of quenching compared to 
CORA-12, which is similar in respect to the delay time between power shutdown 
and quench initiation. 

It is  assumed, that the additional energy and hydrogen production was caused by 
steam reaction with the remnant B4C absorber. The BWR test bundle contained 
eleven rods containing B4C in an arrangement shown for test CORA-l6 (Fig. 26). 

In the lower half of the bundle these control rodssu~ived in the non-quench test 

in form of sintered columns as seen in Fig. 27. CORA-16 was performed exactly as. 
CORA-12 without the quench process after the shutdown of the electric energy 
input. The appearance of the bundle a t  the end of CORA-16 is therefore 
representative for the conditions a t  the beginning of the quench process. This 
means B4C i s  available for the reaction with steam. The equivalent cross sections 
for CORA-17 after the quench processshow the dissappearance of the B4C 

remnants. 

In addition, B4C oxidation in steam is more exothermicand produces more 

hydrogen per gramm material than Zircaloy. 

Compared to 

the B4C oxidation in steam is more complicated 181. Three reactionsare possible. 

B4C + 8H20 + 2B203 + CO2 + 8H2 andlor 
BqC + 7H20 42B203  + CO + 7H2 
B4C + 6H2O + 2B2O3 + CH4 + 4H2 
The B203 may react again with steam to form boricacids, depending on partial 
steam and hydrogen pressure. 

B203 + H20 + 2HBO2 (metaboric acid) andlor 
B203 + 3 ~ 2 0  + 2H3B03 (orthoboric acid) 
3B203 + 3H20+ 2(HB02)3 (trimer of metaboric acid) 

Due to thermodynamic considerationsfor B4C only the first two and the fourth 
equation have a remarkable probability. The hydrogen production of 1 gram 
material is  about 6 times larger for B4C than for Zry. The maximum energy gain 
for 1 g B4C may be maximal about4 to 5 times larger than for 1 g Zry. 
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In 1 meter length the PWR bundle contains 3680 g Zry and the BWR bundle 
5440 g Zry and 441 g B4C. Due to  the more effective reaction it is assumed that 
the B4C contributes to the hydrogen production and heatup of the bundle. The 
initial reaction of  the remnant B4C in the lower part of the bundle increases the 
temperature so that the Zry reaction can take place at a higher level. 

4.5 Summary and Conclusions 

The comparison of the quench tests CORA-12,13,17 have clearly shown the 
following experimental results. Flooding of a hot Zircaloy-clad bundle does not 

decrease the temperature immediately but results in a preliminary increase 
before being quenched. The temperature peak is related to  a peak in the 
hydrogen production. In the BWR bundle temperature and hydrogen increase is 

larger and starts also already earlier after quench initiation. 

The phenomena described above -temperature- and hydrogen production 
increase during quenching for a zircaloy-clad bundle - are confirmed by the in- 
pile experiments performed by the Idaho National Engineering Laboratory. The 
LOFT LP-FP2 experiment (100 fuel rods 1.67 m long) aswell as the Power Burst 
Facility SFD-ST test (32 fuel rods 0.91 m long) resulted in dramatic increase in 
temperature and hydrogen production during the reflood phase. In the LOFT test 
LP-FP2 during quenching peak temperatures increased from 2400 K to  above 
2800 K and 75% of the total hydrogen was produced during this phase. 

In-pile as well as out-of-pile tests show a clear experimental evidence for the 
strong increase of the exothermic Zrlsteam reaction during the quench process. 
This behaviour is  intensified for the BWR bundle by the B4Clsteam reaction. 

Without understanding the mechanisms in detail, we have to  assume that the 
Zr02 layer of  the Zry cladding looses i t s  protective character to  a large extent 
during the quench process. The protective ZrO2 layer, growing during heatup, 
reduces the oxidation reaction reciprocally to the layer thickness. Spallations or 
cracks caused by the quench process would allow the access of the increased 
steam to  hot metallic Zry. The Zrlsteam reaction, growing exponentially with 
temperature can result in the measured temperature escalation, in parallel t o  the 
corresponding hydrogen production. 
But to  be able to  describe the quench process in SFD computer codes, it is 
necesssary to  understand the mechanisms in detail, so thatthey could be des- 
cribed in a quantative way. Therefore further experimentsare necessary. The 
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construction o f  a new bundle quench facility is under way at  the Forschungs- 
zentrum Karlsruhe. 
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Tab. 1 : CORA Test Matrix 

Initial heat-up rate: - 1,O Kls; Steam flow rate, PWR: 6 gls, BWR: 2 gls; quench rate 
(from the bottom) - 1 cmls 

10 

33 

W1 

W2 

- 2000°C 

- 2000°C 

= 2000°C 

- 2000°C 

Ag, In, Cd 

B4c 

- 

B4c 

cold lower end 

2 gls steam flow rate 

dry core conditions, 

no extra steam input 

WWER-test 

WWER-test with absorber 

July 16,1992 

Oct. 1,1992 

Febr. 18,1993 

April 21,1993 



Tab.2: Design characteristics of the PWR bundle 

Pellet outer diameter (nominal) 

Grid spacer - material: 

-length: 

-location: 

Shroud -material 

-wall thickness 

-outside dimensions . 
-elevation 

Shroud insulation 

- insulation thickness 

-elevation 

9.1 mm 

Zircaloy -4, lnconel718 

Zry42 mm 
Inc 38 mm 

lower (Zry) -5 mm 
center (lnc) +496 mm 
top (Zry) + 880 mm 

Zircaloy -4 

1.2mm 

89.4 X 90.4 mm 

36 mm to 1231 mm 

ZrOz fibre 

19 mm 

36 mm to 1036 mm 



Tab.2: (Continuation) 

Plenum Volume 

- unheated rods 87-  10.6 m3 



Tab.3: Design characteristics of the BWR bundle 

enter 578 mm 



Tab.3: (Continuation) 

Plenum Volume 
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