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Abstract
The paper gives an overview on the main outcome of the QUENCH program at FZK, including
complementary bundle experiments and separate-effects tests. The major objective of the program is to
deliver experimental and analytical data to support development and validation of quench and quenchrelated models as used in code systems.
So far, 15 integral bundle QUENCH experiments with 21-31 electrically heated fuel rod simulators of 2.5
m length have been conducted. The following parameters and their influence on bundle degradation and
reflood have been investigated: degree of pre-oxidation, temperature at initiation of reflood, flooding rate,
influence of neutron absorber materials (B4C, AgInCd), air ingress, and the influence of the type of
cladding alloy.
In six tests reflood of the bundle caused a temporary temperature excursion connected with the release of a
significant amount of hydrogen, typically two orders of magnitude greater than in those tests with
“successful” quenching in which cool-down was immediately achieved. Comprehensive formation,
relocation, and oxidation of melt were observed in all tests with escalation. The temperature boundary
between rapid cooldown and temperature escalation was typically 2100-2200 K in the “normal” quench
tests, i.e. tests without absorber and/or steam starvation. Tests with absorber and/or steam starvation were
found to lead to temperature escalations at lower temperatures.
All phenomena occurring in the bundle tests have been additionally investigated in parametric and more
systematic separate-effects tests. Oxidation kinetics of various cladding alloys, including advanced ones,
have been determined over a wide temperature range (873-1773 K) in different atmospheres (steam,
oxygen, air, and their mixtures). Hydrogen absorption by different zirconium alloys was investigated in
detail, recently also using neutron radiography as non-destructive method for determination of hydrogen
distribution in claddings. Furthermore, degradation mechanisms of absorber rods including B4C and
AgInCd as well as the oxidation of the resulting low-temperature melts have been studied. Steam
starvation was found to cause deterioration of the protective oxide scale by thinning and chemical
reduction.
The most recent topic of the QUENCH program has been devoted to the behavior of advanced cladding
materials (ACM) in comparison with the classical Zircaloy-4. Although separate-effects tests have shown
partially significant differences in oxidation kinetics, the influence of the various cladding alloys on the
bundle behavior during oxidation and reflood was only limited.
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1. Introduction
The most important accident management measure to terminate a severe accident transient in a
Light Water Reactor (LWR) is the injection of water to cool the uncovered degraded core. Analysis of the
TMI-2 accident [1] and results of various integral in-pile and out-of-pile experiments (CORA [2], LOFT
[3], PHEBUS [4], PBF [5]) have shown that before the water succeeds in cooling the fuel pins there could
be an enhanced oxidation of the zircaloy cladding and other core components that in turn causes a sharp
increase in temperature, hydrogen production and fission product release.
The QUENCH program at Forschungszentrum Karlsruhe (FZK) investigates hydrogen generation, material
behavior, and bundle degradation during reflood. Integral bundle experiments are supported by separateeffects tests (SET) and code analyses. The program is providing experimental and analytical data for the
development of quench and quench-related models and for the validation of SFD code systems.
The last status reports on experiments and modeling relating to quench of degraded cores were issued by
CSNI in 1996 [6] and 2000 [7]. Since then, the data base has been extended especially by the QUENCH
program at FZK. Furthermore, the PARAMETER test series at LUCH has been devoted to study top
flooding and combined top and bottom flooding [8]. This paper will summarize the essential experimental
results of the QUENCH bundle and separate-effects tests and then discuss the possible influence of various
effects on the coolability of the core.
A complementary paper on degraded core reflood has been published recently focused on consequence
evaluation based on available data including QUENCH [9]. Main results of this study will be also
presented at this workshop [10].
2.

QUENCH bundle tests

The QUENCH program at Forschungszentrum Karlsruhe was initiated in 1996 as the successor of the
CORA program in which materials interactions under the conditions of a hypothetical severe nuclear
accident were investigated. Some of the CORA experiments were terminated by reflooding the bundle with
water and it was shown that quenching may lead to temperature escalations associated with high hydrogen
production rates [11]. The mechanisms for the escalations were not clear at that time, and the gas analysis
systems used with the CORA facility were only of a limited capability. So the QUENCH program was
launched with special emphasis on the quantitative determination of the hydrogen source term.
2.1

QUENCH facility and test conduct

The main component of the out-of-pile QUENCH test facility [12] is the test section with the test bundle.
The standard test bundle is made up of 21 fuel rod simulators approximately 2.5 m long, of which 20 fuel
rod simulators are heated over a length of 1024 mm. Heating is electric by 6 mm diameter tungsten heaters
installed in the rod center and surrounded by annular ZrO2 pellets to simulate fuel pellets. The bundle
geometry and most other bundle components (Zry-4 cladding, grid spacers) used are prototypical for
Western-type PWRs and are furthermore very similar to the in-pile PHEBUS bundle [4].
The central rod is unheated and is used for instrumentation or as absorber rod. The heated rods are filled
with argon-krypton or helium at a pressure of approx. 0.22 MPa to allow for test rod failure detection by
the mass spectrometer. The system pressure in the test section is around 0.2 MPa.
Zircaloy corner rods are installed in the bundle to improve the thermal hydraulic conditions. They are also
used for additional thermocouple instrumentation and/or can be withdrawn from the bundle during the test
to check the amount of oxidation and hydrogen uptake during phases of special interest. The test bundle is
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surrounded by a shroud of zircaloy, a 37 mm thick ZrO2 fiber insulation, and a double-walled cooling
jacket of stainless steel. The shroud provides encasement of the bundle and simulates surrounding fuel rods
in a real fuel element (Fig. 1). The whole set-up is enclosed in a steel containment. Slightly different
bundle designs were used in tests QUENCH-12 and QUENCH-15 due to differing cladding dimensions
and pitches [13].

For temperature measurements the test bundle, shroud, and cooling jacket are extensively equipped with
thermocouples at different elevations and orientations. Additionally, the test section is provided with
various pressure gauges, flow meters, and level detectors. Hydrogen and other gases are analyzed by a
state-of-the-art mass spectrometer Balzers GAM300 located at the off-gas pipe about 2.7 m behind the test
section. A redundant hydrogen detection system based on heat conductivity measurement of binary Ar-H2
mixtures (Caldos) is additionally applicable behind the steam condenser in conditions where no other gases
than Ar and H2 are present.
In general, a QUENCH experiment consists of the following test phases: Heatup, preoxidation/preconditioning (optional), transient, and quenching/cooldown*. The last phase is accomplished by injecting
water or saturated steam at the bottom of the test section. Until the initiation of cooling 3 g/s of
superheated steam and 3 g/s of argon as carrier gas enter the test bundle at the bottom and exit at the top
together with the gases that are produced in the reactions of zirconium, and where applicable, boron
carbide or AgInCd and stainless steel with steam.
As a consequence of the temperature increase, the test bundle may experience a temperature excursion due
to the exothermal zirconium-steam reaction. This temperature excursion usually begins at the 850-950 mm
level leading to the maximum bundle temperature of well above 2000 K and an increased hydrogen
generation. The flooding phase is initiated by turning off the flow of 3 g/s superheated steam and injecting
water or saturated (cold) steam at flow rates of 15-50 g/s. Cool-downin steam was applied in some tests
because of the better defined boundary conditions for code validation compared to reflood tests with water.
At cool-down/flooding initiation the bundle power continues rising or is kept at its maximum for ~20 s.
2.2

QUENCH test matrix

So far (as of September 2009) 15 bundle tests have been conducted in the QUENCH facility (Table 1). The
first six tests concentrated on the hydrogen source term during reflood of the bundle under various
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* Usually the terms “quenching” or “flooding” are used for water tests, and “cool-down” for steam tests.
In this report, the terms are used synonymously, unless it is explicitly stated.
boundary conditions; experiments QUENCH-07/08/09 were aimed at the investigation of the influence of
B4C absorber on bundle degradation and gas release; and the topic of QUENCH-10 was air ingress.
QUENCH-11 was a boil-off test with low reflood rate; QUENCH-13 investigated the influence of AgInCd
on bundle degradation and reflood, and experiments QUENCH-12/-14/-15 were conducted with different
cladding alloys with QUENCH-06 as reference.
Tests QUENCH-01/02/03/06/10/12-15 were terminated by flooding with water from the bottom with
flooding rates of 40-50 g/s corresponding to about 1.5 cm/s water rising velocity without evaporation; the
flooding rate QUENCH-11 was reduced to 18 g/s. The other tests were stopped by cool-down in saturated
steam with 50 g/s (or 15 g/s in QUENCH-07/08) injection rate. Initial heat-up rates by electric power in the
transient phases were 0.3-0.5 K/s in all tests, before the additional chemical power due to the reaction
between zircaloy and steam caused heat-up rates up to 20 K/s, except for QUENCH-13 with a lower initial
heat-up rate of 0.1 K/s.
During tests QUENCH-01/05/06/12/14/15 a special pre-oxidation phase at temperatures 1400-1500 K was
run before the final transient and quench to simulate the higher degree of oxidation in a later phase of the
severe accident scenario. The bundles during tests QUENCH-02/03/04/11 were less oxidized, here the
oxide scale thicknesses were only achieved by the heat-up history under oxidizing conditions. In the B4C
tests QUENCH-07 (with B4C CR) and QUENCH-08 (reference test without B4C CR) the bundles were
kept at approx. 1723 K for 15 min to allow for interaction of B4C and relocation of absorber melts under
stationary conditions. The special feature of the second experiment with B4C control rod QUENCH-09
was an 11 min steam starvation phase at about 2073 K with reduced steam injection (0.4 instead of 3.4 g/s)
before cool-down. The pre-conditioning phase of the QUENCH-13 test with AgInCd central rod was at
relatively low temperatures of 1250 K to prevent early failure of the absorber rod.
The air ingress experiment QUENCH-10 was run with a pre-oxidation phase of two hours at maximum
temperatures in the bundle of 1700 K resulting in a maximum oxide scale thickness of 500 μm. To achieve
an adequate duration of the air ingress phase, the bundle was then cooled to a temperature of 1180 K by
decreasing the electrical power input. For air ingress the steam flow of 3 g/s was replaced by 1 g/s of air.
The test was terminated by quenching the bundle with a flow of 50 g/s of water.
QUENCH-11 started with a water-filled bundle. A steady boil-off and corresponding top-down uncover of
the bundle was achieved by applying power from an auxiliary heater at the bundle bottom in addition to the
electric bundle power. When the water level had fallen to -70 mm elevation, water was injected into the
lower plenum at a rate of ca. 1 g/s enabling a nearly stable water level and extension of the boil-off phase.
Quenching of the bundle was performed at a maximum measured bundle temperature of 2040 K with a
rather low water flow rate of 18 g/s.
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2.3

Essential results of the bundle experiments

The QUENCH bundle tests conducted so far considerably improved the phenomenological knowledge on
the behavior of fuel elements during the early phase of severe accident sequences and eventual reflood, and
strongly extended the data basis for validation of SFD code systems. QUENCH experimental data are part
of the validation matrix of all SFD code systems used in Europe and the US.
2.3.1

QUENCH-01 – QUENCH-06 [14-18]

The first six tests in the series were “pure” quench tests, i.e. geared to the investigation of the hydrogen
source term without absorber rod or atmospheres different from steam. Table 1 shows that two of these
tests, namely QUENCH-02 and QUENCH-03, revealed a temperature escalation. In both experiments the
initial temperature was the highest of all experiments, clearly above the melting temperature of zircaloy;
the degree of pre-oxidation was low and only reached by the oxidation during heat-up of the bundle. The
rapid and extensive formation of hydrogen during the quench phases was probably caused by the oxidation
of zircaloy melts [19].
In the other experiments where the bundle temperatures were between 1800 and 2150 K at the beginning of
reflood, successful cooldown occurred at the beginning of the quench phase. Only relatively small and
short peaks in temperature were observed before cool-down accompanied by only 2-4 g of hydrogen.
Cooling of the bundle typically proceeds in two stages: a moderate cooling (steam cooling or film boiling)
is followed by a period of pronounced cooling, characterized by transition to nucleate boiling at the
Leidenfrost temperature (700 – 900 K).
Two mechanisms originally thought to loom large during quenching turned out to be only minor effects.
The oxidation of cracks formed during cool-down was detected, but its contribution is small, i.e. only a
very few grams of hydrogen are additionally released due to crack oxidation. The absorption of hydrogen
by the remaining metal phase was analyzed to be between 0.1 and 5 g per bundle in these first six tests and
thus also seems to play only a minor role. Nevertheless, one should have these mechanisms in mind,
because they may be important locally and/or temporally.
The experiment QUENCH-06 was chosen as OECD International Standard Problem ISP-45 with 21
participants from 15 nations using eight different code systems [20].
2.3.2

B4C tests QUENCH-07 – QUENCH-09 [21-23]

These three tests were dedicated to the investigation of the influence of boron carbide on degradation of the
bundle and gas release. A B4C absorber rod (very similar to the one in the Phebus FPT-3 test and to those
used in French 1300 MW PWRs) was installed in the central position of the bundles QUENCH-07 and
QUENCH-09 (see Fig. 2). QUENCH-08 was run as reference test to QUENCH-07 without absorber rod. A
special feature of QUENCH-09 was an 11 min lasting steam starvation period at high temperatures (2073
K) before reflood. Steam starvation causes the degradation of the oxide scale [24] and thus may be a major
factor promoting temperature excursions.
B4C absorber material in the central rod reacts with stainless steel and zircaloy and forms eutectic melts at
~1500 K, i.e. melts that are formed far below the melting point of metallic zircaloy (~2030 K). The
oxidation of boron/carbon/zirconium-containing melt can lead to increased amounts of hydrogen and to
production of CO, CO2, and CH4, compared to a bundle without such a control rod.
Although the degree of pre-oxidation in these tests was relatively high (see hydrogen release before
reflood, Table 1 and Fig. 13, which gives an integral figure of pre-oxidation) and the initialtemperatures in
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the quench phase were relatively low, all three experiments revealed temperature and hydrogen escalation
during the quench phase.

A moderate excursion was seen in QUENCH-08 (without B4C); here the main difference to the tests
QUENCH-01/04/05/06 was the significantly lower steam flow rate (15 instead of 40-50 g/s) during the
quench phase. More than three times more hydrogen (120 g) was released in the similar experiment
QUENCH-07 with B4C control rod. And again a more than three times larger hydrogen production during
reflood (400 g) was observed in QUENCH-09 with absorber rod and a steam starvation phase. The main
products of the B4C oxidation were H2, CO, CO2, and boric acids, whereas methane, which is of special
interest for fission product release, was only released in negligible amounts. However, methane formation
via secondary reactions at cooler circuit positions cannot generally be ruled out.
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The degradation of the bundles with B4C control rod was much stronger than without B4C as can be seen
in Fig. 3. Though these three tests were not completely identical in all other respects, the results give a
clear indication for the influence of B4C and steam starvation on bundle degradation and gas release.
2.3.3

Air ingress test QUENCH-10 [25]

The main objective of the QUENCH-10 test was to examine the oxidation and nitride formation of zircaloy
during air ingress, before flooding the bundle with water.
The bundle was pre-oxidized in steam at 1620-1690 K to get a maximum oxide thickness of approx. 500
μm, then temporarily cooled down to 1190 K in order to achieve a reasonable long duration of the
subsequent air ingress phase. At the onset of the air ingress phase the change in flow from steam to air had
the immediate effect of reducing the heat transfer from the bundle, so that the temperatures began to rise.
The temperature increase was intensified by moderate raising the electrical power and increasing release of
chemical power due to the strongly exothermic reaction between zircaloy and air. Oxygen starvation, i.e.
the complete consumption of O2 at elevations below the top of the bundle, and partial consumption of
nitrogen was observed towards the end of the air ingress phase (Fig. 4). Reflood of the bundle with 50 g/s
water led to an only very moderate release of hydrogen (~5 g).
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The post-test inspection revealed an extremely oxidized and degraded bundle with strong relocation of
cladding debris never seen before in any other QUENCH test, but no melt formation in the bundle. Nitride
phases were (locally) detected over almost the whole bundle, causing enhanced degradation and loss of the
protective effect of the oxide scale.
2.3.4 Boil-off test QUENCH-11 [26]
This experiment focused on studying bundle behavior during boil-off and subsequent quenching at a small
water injection rate. The test section was modified to allow for the boil-off mode different to the forcedconvection mode applied in all other tests.
Flooding the bundle with 18 g/s water from the bottom from maximum temperatures of ∼2000 K led to a
progressive bottom-up quenching up to elevations below 800 mm with no significant temperature increase,
as can be seen in Fig. 5. Locations above 800 mm exhibited an initial and significant temperature excursion
causing temperatures to exceed 2400 K. The excursion corresponded to a strong increase of hydrogen
generation; 132 g were released during the quench phase. Figure 5 also shows that the majority of
hydrogen was released when the temperatures exceeded the melting point of β-Zr and later of α-Zr(O). The
diagram demonstrates a consecutive achievement of the Zry-4 melting point at elevations 850-1250 mm.
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QUENCH-11 was chosen a benchmark exercise in the frame of the European SARNET program defined
as a comparison between experimental data and analytical results obtained by 10 international groups using
seven different SFD code systems [27].

2.3.5

AgInCd test QUENCH-13 [28]

The main objective of experiment QUENCH-13 with a control rod containing AgInCd absorber in the
central bundle position was to examine the influence of the control materials on oxidation and melt
formation, i.e. on early phase bundle degradation. Furthermore, the opportunity was taken to measure, in a
realistic geometry, release of silver/indium/cadmium aerosols following control rod rupture.
The experimental protocol involved pre-conditioning the bundle for 5000 s at 1250 K, i.e. below the
expected failure temperature of the control rod, followed by a slow transient phase (0.1 K/s) giving enough
time for investigation of control rod failure and aerosol release, and the final reflood from 1820 K with
cold water at 52 g/s.
Control rod failure was caused by eutectic interaction of steel cladding and Zircaloy-4 guide tube and was
indicated at about 1415 K by absorber temperature response and additionally by the online aerosol
monitoring system. Significant release of aerosols was observed at 1450 K and melt relocation from the
control rod at 1500 K. There was no noticeable temperature escalation during quenching. This corresponds
to the small amount of about 1 g in hydrogen production during the quench phase (compared to 42 g of H2
during the pre-reflood phases). Post-test examinations of bundle structures revealed the presence of only
little relocated AgInCd melt in the form of rivulets, mainly in the coolant channels surrounding the control
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rod. Analysis of aerosols revealed first release of cadmium vapor followed by increasing amounts of
indium, silver and structure materials.
At least in the in-vessel early phase, AgInCd seems to have only modest effect on coolability of
the bundle, which is different to the boron carbide absorber.
2.3.6

ACM tests QUENCH-12/-14/-15 [29, 13]

The ACM (advanced cladding materials) test series included the experiments QUENCH-12 with Russian
E110 alloy, QUENCH-14 with AREVA M5®, and QUENCH-15 with ZIRLOTM cladding delivered by
Westinghouse. All ACM tests have been conducted with largely the same test protocol as QUENCH-06
with standard Zircaloy-4 cladding. Temperature histories and axial profiles at initiation of quench were
comparable. The bundle designs of QUENCH-12 and QUENCH-15 slightly differed from the standard one
due to different cladding dimensions and pitches. QUENCH-15 has been conducted only recently, i.e. in
May 2009, thus the analysis of this test is not yet complete.
A look at Table 1 and Fig. 13 shows comparable hydrogen releases before and during quench for all tests,
except for QUENCH-12. One reason for this difference is the much stronger susceptibility of the E110
alloy for breakaway oxidation at temperatures below 1320 K. Due to pronounced breakaway oxidation
over large areas in the bundle (1) significantly more hydrogen was absorbed during pre-quench phases in
QUENCH-12 (10 g, in comparison to 2 g in QUENCH-06 and less than 1 g in QUENCH-14), and (2)
significantly more hydrogen was released during quench (QUENCH-12: 24 g, other tests: 4-8 g). The axial
distribution of hydrogen concentration in the metal strongly correlated with the oxide scale morphology;
peak values of 35 at% have been measured at positions with pronounced breakaway effects [34]. The
absorbed hydrogen has to be added to the released, so, hydrogen produced during pre-quench phases
becomes comparable for all ACM tests. The higher amount of hydrogen released during quench of the
QUENCH-12 bundle can be explained by predamaged oxide layers, melt oxidation and release of
previously absorbed hydrogen. Post-test examinations of the bundle showed distinct spalling and relocation
of oxide scales only for the QUENCH-12 bundle (Fig. 6).
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Despite the partially significant differences between the oxidation behavior of the alloys (see also SET
section below), the cooldown behavior of the bundles during flooding was comparable. Only insignificant
to moderate temperature escalations have been observed during the end of the transient and begin of
quench phases, as can be seen in Fig. 7.
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3.

Separate-effects tests

A large number of separate-effects tests (SET) has been conducted at FZK to support the bundle tests and
to deliver data for model development and validation. A detailed description of these experiments is
outside the scope of this paper, so only a summary of results of actual interest will be given and
corresponding references mentioned here. The main experimental setups used were thermogravimetry
and high-temperature furnaces coupled with a mass spectrometer for analysis of releases of hydrogen and
other gaseous reaction products. Single-rod experiments have been conducted in the inductively heated
QUENCH-SR rig [30].
3.1

Oxidation kinetics of zirconium cladding alloys

Oxidation kinetics of cladding alloys currently used in European NPPs (Zircaloy-4, Duplex Dx/D4, M5®,
E110, ZIRLOTM) have been investigated over a wide temperature range (873-1773 K) in various
atmospheres (oxygen, steam, air, and their mixtures) [31-34].
Generally, strong differences between the various alloys have been observed at temperatures below 1323
K, and smaller, but still significant variations at higher temperatures. The oxidation kinetics are determined
by the growing superficial oxide scale, ideally leading to parabolic, or at lower temperatures, cubic rate
laws. For all alloys, except for M5 and the D4 layer of the DUPLEX material, more or less pronounced
breakaway of the oxide scale leads to transition from this cubic or parabolic kinetics to linear or even faster
one at temperatures below 1323 K after a certain time, see for example in Fig. 8. This breakaway effect is
caused by the tetragonal to monocline phase-transition in the superficial oxide phase. During transient tests
breakaway was only observed for E110. Furthermore, formation of dense protective oxide continues after
passing the breakaway temperature region.
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Breakaway oxidation should not play a role during most LOCA and severe accident sequences because the
duration in the breakaway temperature region is too short. On the other hand breakaway and its
consequences play an important role e.g. in spent fuel storage pool or transport cask accident scenarios and
have been found in the Paks incident [35].
Only small differences have been detected between oxidation in steam and oxygen. But, in steam
atmosphere the hydrogen produced by the oxidation reaction can partially be absorbed by the remaining
metal phase.
3.2

Hydogen absorption by zirconium alloys

Hydrogen absorption by zirconium alloys was investigated in argon-hydrogen mixtures to determine the
terminal hydrogen solubility in the metal phase. Sieverts' law parameters were identified for Zircaloy-4 and
E110 [36], confirming the high capacity of Zr alloys for hydrogen uptake. Neutron radiography has been
used for quantitative, non-destructive and locally resolved determination of hydrogen absorption during
steam oxidation [37]. The kinetics of hydrogen absorption in H2-Ar mixtures and steam have been
described quantitatively by physical models [33, 49, 50].
A strong correlation was found between oxide scale morphology and hydrogen uptake. Open crack systems
in oxide scales originated from breakaway act as hydrogen pumps leading to much higher hydrogen
concentrations in the metal than expected from the hydrogen partial pressure in the bulk atmosphere [34].
More recently, a high-temperature test set-up transparent for neutrons (INRRO) has been commissioned
which enables in-situ measurements of hydrogen uptake during oxidation in steam. First results indicate a
strong absorption of hydrogen during the very initial phase of oxidation.
Possible consequences of high hydrogen contents in the metal are embrittlement of the claddings during
and after accident sequences as well as temporary storage of large amounts of hydrogen and its release
during further heat-up and quenching.
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3.3

Air ingress

The phenomenology of nitrogen attack during the oxidation of zirconium alloys in air and other nitrogencontaining mixtures has been investigated extensively. The focus of this work was on prototypic conditions
with pre-oxidized claddings and oxidation in mixed air-steam and nitrogensteam atmospheres [25, 38]. It
was shown that air significantly influences degradation of the cladding. In mixed air-steam atmospheres
the destructive effect of air increases with air concentration and temperature. An oxide scale once formed
in steam atmosphere seems to be stable in air as long as no defects (e.g. due to breakaway oxidation) occur.
However, the oxide is severely attacked by pure nitrogen simulating oxygen starvation conditions (as in
QUENCH-10). Fig. 9 demonstrates zirconium nitride formation under either local or global oxygen
starvation conditions, i.e. in the absence of oxygen which would preferably react with the metal.

The main degradation mechanism is the formation of zirconium nitride and its re-oxidation. The different
densities of Zr, ZrO2, and ZrN cause volume mismatches, compressive stress build-up, and relief by crack
formation leading to porous, non-protective oxide scales as seen e.g. in the left picture of Fig. 9. From the
safety point of view, the barrier effect of the fuel cladding is lost much earlier than during accident
transients in an atmosphere that consists of steam exclusively.
3.4

Single-rod quench tests

The QUENCH program at FZK started with single-rod quench tests by cold water or saturated steam from
temperatures 1273-1873 K and the degree of pre-oxidation as parameter. At that time experiments with
Zircaloy-4 rods [30, 39] and later with E110 [40] were done. The main outcome was that oxide scales
thicker than 200 μm tend to form through-wall cracks during quenching which are oxidized during the
cool-down phase, thus forming additional hydrogen preferably absorbed by the metal. The analysis of the
crack density and the average oxide scale thickness in the cracks revealed an only insignificantly increased
total hydrogen production by this effect. Nevertheless, further tests with advanced cladding materials are
foreseen in the near future.
3.5

B4C control rod degradation and oxidation

Within the EC COLOSS program [41] extensive test series on 1) the oxidation of pure B4C [42- 45], 2) the
degradation of B4C control rods, 3) the oxidation of B4C/SS/Zry absorber melts, and 4) the liquefaction of
stainless steel (SS) by B4C [46] were performed.
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Unlike e.g. the oxidation of zircaloy, the oxidation of boron carbide turned out to be strongly dependent on
the thermo-hydraulic boundary conditions, especially on steam partial pressure and gas flow rates. This
necessitates a coupling of thermo-hydraulics and chemistry in modeling the oxidation of boron carbide in
the SFD code systems. Methane (CH4), which is of interest due to its potential to form volatile organic
iodine compounds, is only produced in negligible amounts also in the SETs under the conditions thought to
be relevant during severe accidents.

The degradation of control rods, consisting of boron carbide pellets, surrounded by stainless steel cladding
inside a Zircaloy-4 guide tube, rapidly starts above ~1520 K by the formation ofcomplex eutectic melts
inside the gap between the B4C pellet and the external oxide scale formed at the guide tube surface (Fig.
10). After failure of the oxide shell at approx. 1720 K the oxidation of the molten B4C/SS/Zry takes place
very rapidly leading to the formation of CO, CO2, boric acids and additional hydrogen. Again, almost no
methane was detected during these tests. In further SETs it was shown (1) that 1 g of boron carbide is able
to liquefy 100 g of steel 200 K below its melting temperature and (2) that the oxidation kinetics
significantly increase with melting of core materials [46]. FZK data on B4C oxidation and degradation
have been used worldwide to model these phenomena [51, 52].
3.6

Failure behavior of AgInCd control rod segments

The bundle test QUENCH-13 was supported by single-rod tests performed in the QUENCH-SR rig which
allows inductive heating of rod specimens as far as their failure [47]. 10-cm long specimens with different
designs regarding contact between stainless steel (SS) and Zircaloy-4 (Zry-4) tubes (symmetric,
asymmetric) as well as regarding the possibility of inner Zry oxidation (with and without 4 mm diameter
holes in the Zry guide tube) were manufactured. The conduct of a first series of five tests before
QUENCH-13 was as close as possible to the bundle test protocol, i.e. including a 5000 s plateau at 1250
and 1423K, respectively, followed by a slow transient phase (0.1 K/s) till failure of the specimen. A second
series including six rods was performed after QUENCH-13 and retraced bundle temperatures at elevations
750 and 950 mm. All tests were performed in an oxidizing steam-argon atmosphere.
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The failure temperatures were always above 1473 K, with the highest ones measured for the symmetric
specimens (no contact between SS and Zry-4). The temperatures measured by thermocouples additionally
indicate a later failure of specimens with (the possibility of) inner oxidation of the zircaloy guide tube. The
failure mechanisms were quite different amongst the specimens, ranging from local failure with melt
droplet splashing and rivulet relocation to explosive destruction. Fig. 11 shows the post-test appearance of
the samples of the second test series performed after QUENCH-13. For the specimens with holes in the
guide tube (allowing inner oxidation), the melt relocated internally and was released through these holes.
The test series was completed by an experiment without Zry-4 guide tube (SIC-11). The stainless steel tube
exploded (due to high pressure of evaporated cadmium) just before melting without any signs of
ballooning before explosion.
3.7

Steam starvation

Steam starvation conditions on fuel rod surfaces are possible during a severe accident due to dry-out of the
reactor core and blockage formation and complete consumption of the steam in the lower parts of the core.
Under these conditions the oxide layer of the cladding will be reduced by the
underlying metal.
The reduction kinetics of the oxide layer during a steam starvation phase was investigated in SETs [24]. A
homogeneous formation of α-Zr(O) precipitations inside the oxide layer and sometimes the formation of an
α-Zr(O) scale on the cladding outer surface were detected in addition to a reduction of the oxide layer
thickness. Thin oxide scales were completely dissolved by the metal phase, Fig. 12.
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4

Influence of various parameters on coolability of a partially degraded core

In general, the zirconium oxidation, and thus the hydrogen generation, during QUENCH tests is driven by
the temperature evolution, governed by the power input by decay heat (or electrical in outof- pile tests) and
the heat losses. Starting at about 1300 K, the chemical power of the exothermal Zr oxidation comes into
play and causes an enhanced heat-up. During the quench phase, the cold water/steam on the one hand acts
as a coolant (this is the intended effect) but on the other hand it increases the potential for high chemical
energy release by acting as a strong oxidant at these high temperatures. The balance between heat
generation and its removal following initiation of reflood is the decisive criterion for successful cool-down
of the bundle or temperature escalation. So, all of the parameters affecting cooling efficiency and oxidation
kinetics may have an influence on the final result of reflooding the core.
Reflood mass flow rate, flow area and temperature definitely influence the cooling efficiency. Other
parameters, like system pressure and injection position, may also play a role. Hering [9] refers to the core
damage stage as a major parameter influencing coolability which includes some of the effects mentioned
before. The main source of heat is the oxidation of zirconium and other core components by steam. The
heat released by these chemical reactions is determined, of course, also by the temperature, the effective
surface available for oxidation, the degree of pre-oxidation and the protective effect of the oxide layer as
well as by the existence of (low-temperature eutectic) melts in the core. Furthermore the type of oxidizing
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atmosphere may affect the oxidation: Nitrogen accelerates the oxidation kinetics and steam starvation
conditions may influence the quality of the oxide scale, too.
Fig. 13 visualizes hydrogen release due to oxidation of all bundle components (prototypic and facility
specific ones)* before and after initiation of reflood and the corresponding temperatures at initiation of
reflood of all QUENCH bundle tests performed so far. The hydrogen released during all pre-reflood phases
is an integral measure for the degree of pre-oxidation of the bundle. There seems to be no correlation
between the hydrogen released before and during reflood. The amount of hydrogen released after initiation
of reflood is clearly divided into two groups: (1) During the quench phases of tests QUENCH-01, -04, -06,
-10, 13, -14, -15 only a very few grams of hydrogen were released, whereas (2) in the other experiments a
few tens or even hundreds of grams were measured. In the first group of tests water or steam injection led
to immediate cool-down of the bundle whereas in thesecond group reflood caused a temporary temperature
escalation.
Let's try to find some correlations between boundary conditions and result of reflood. The influence of
temperature is to be seen at a first glance. One crucial criterion is the exceeding of the melting point of
metallic Zircaloy (2030 K for as-received Zircaloy-4 and 2250 K for oxygenstabilized α-Zr(O)). The two
tests QUENCH-02 and QUENCH-03 with the highest temperatures of 2300-2400 K before reflood
experienced temperature escalations causing more than one hundred grams of hydrogen released during
this phase, while in tests QUENCH-01 and -13 comparably low temperatures of about 1800 K led to fast
cooldown and only 3 and 1 g hydrogen release, respectively.
The picture is less clear for the other tests with intermediate temperatures. Most hydrogen was released
during tests QUENCH-07, -09, and -11. The first two contained boron carbide absorber rods in the central
positions of the bundles. Due to eutectic interactions between B4C and stainless steel on the one hand and
between stainless steel and Zircaloy-4 on the other hand rapid melt formation took place already at above
1473 K, i.e. more than 500 K below the melting point of zirconium. As was shown in the separate-effects
tests these melts rapidly react with steam and may initiate further bundle degradation. An additional feature
of QUENCH-09 was an 11-min lasting steam starvation period before reflood. Steam starvation leads to
the (chemical and geometrical) reduction of the superficial zirconium oxide layer and thus to the
impairment of the protective effect of the oxide scale. Furthermore, the bundles QUENCH-07 and
QUENCH-08 were cooled down by relatively low steam flow rates of 15 g/s, which may be the second
reason (in addition to modest melt formation and oxidation) for the moderately enhanced hydrogen release
during the reference test QUENCH-08 without boron carbide control rod.

* The examination of hydrogen production by oxidation of only prototypic bundle components, excluding
shroud, heaters, and thermocouples, results in lower values, but leads qualitatively to the same conclusions
[53].
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A low degree of pre-oxidation and the low reflood water mass flow rate was definitely the reason for the
significant temperature excursions connected with strong hydrogen release during the quench phase of the
boil-off test QUENCH-11.
Fig. 14 shows the time-dependant hydrogen release of all tests. Most tests with temperature escalation and
corresponding enhanced hydrogen release (plotted with symbols) exhibit about 100-s broad hydrogen
peaks, i.e. after approx. this time the temperature escalation was stopped and cooldown started. Only
during QUENCH-11 this phase took almost 300 s with a flatter hydrogen peak caused by the low reflood
mass flow rate connected with partial steam starvation and moving of the escalation front upwards as it is
seen in Fig. 5. In the tests without escalation, the hydrogen release rate immediately went down with
initiation of reflood.
Hering [9] analyzed the data base on core reflood including the TMI-2 accident as well as various in-pile
and out-of-pile experiments and concluded that successful reflood is possible up to peak core temperatures
of approx. 2200 K if sufficient water mass flow rate can be supplied. This temperature, at which local
melting of β-Zr already occurred, but which is below global failure andmelting of the α-Zr(O) phase, is
confirmed by this study except for the tests with boron carbide absorber, which cause the formation of
eutectic low-temperature melts. Based on analyses of PBF and LOFT experiments Cronenberg [48]
derived a reflood mass flow rate of 1-2 g/(s rod) necessary at 2000 K for quenching effects to overcome
temperature escalation due to exothermic reactions. This is in agreement with QUENCH results where less
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than 1 g/(s rod) water or steam injection preferably caused temperature escalations, whereas 2-3 g/(s rod)
led to immediate cooling when the bundle was intact (no significant melt formation).

5

Summary

Important outcomes of more than a decade of the QUENCH experimental program have been many
advances with respect to the phenomenological understanding, modeling and code development
of high-temperature bundle behavior and the reflood process.
The fifteen QUENCH bundle tests performed so far and an extensive supporting separate-tests effects
program provide an extensive experimental data base for model development and code validation. Reflood
progression and oxidation of the cladding tubes under highly transient conditions and the corresponding
hydrogen source term under various boundary conditions were the topics of the first six bundle tests. It
turned out that phenomena like oxide spalling, crack formation and hydrogen absorption by the remaining
metal are only of minor effect for the integral hydrogen source term. Temperature escalation was seen
during reflood only in tests where quantities of zirconium bearing melt were exposed to the flowing steam.
This was typically the case when temperatures exceeded the melting point of the α-Zr(O), but was also
observed when presence of other materials caused melt toform at lower temperatures or when steam
starvation had led to erosion of the protective and confining layer of ZrO2. Separate-effects tests on B4C
absorber melt oxidation impressively revealed much faster oxidation kinetics of the melts in comparison to
the solid materials at the same temperatures. QUENCH bundle tests 07-09 confirmed the results of the

145

NEA/CSNI/R(2010)11
small scale tests. Another crucial phenomenon is steam starvation which causes thinning and degradation
of the protective oxide scale and thus increases the probability for temperature excursions during reflood.
Air ingress may have diverse effects on bundle degradation and coolability. On the one hand, energy
release by air oxidation is higher and cooling effect is lower in comparison with steam. Furthermore,
oxidation in a nitrogen-containing atmosphere accelerates the kinetics and may lead to the formation of
strongly degraded oxide scales. On the other hand, no hydrogen is produced by oxidation of metals in air,
thus reducing the risk of hydrogen detonations.
Advanced cladding materials have been extensively investigated in small-scale and bundle experiments.
Although strong differences in the oxidation behavior were found especially at temperatures below 1323
K, only a limited effect on bundle degradation and coolability was observed. Generally, a nuclear reactor
core seems to be coolable when the core is still intact and no or only local melt formation has already taken
place. This is a realistic boundary condition up to 2200 K provided that the reflood water flow rate is >2
g/s rod, no strong eutectic melt formation occurred, and extended steam starvation phases before reflood
could be avoided.
Future experimental activities in the QUENCH program will be devoted, on the one hand, to loss of
coolant accident (LOCA) scenarios, i.e. design basis accidents in the context of higher burnup and use of
advanced cladding materials, and, on the other hand, to the investigation of formation and coolability of
debris beds and molten pools in the core. The corresponding sub-programs are named QUENCH-LOCA
and QUENCH-DEBRIS.
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