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Abstract
The QUENCH-03 test was performed on the 21st of January 1999 at FZK (Forschungszentrum
Karlsruhe) to investigate the behaviour on reflood of PWR (Pressurized Water Reactor) fuel rods with
little oxidation.
This paper presents results of the simulation of QUENCH-03 performed with the version V1.3 of the
integral code ASTEC (Accident Source Term Evaluation Code) which is being developed by IRSN
(Institut de Radioprotection et de Sûreté Nucléaire) in cooperation with GRS (Gesellschaft für
Anlagen- und Reaktorsicherheit) and with the program version 2.1A of the mechanistic code
ATHLET-CD (Analysis of Thermal-hydraulics of Leaks and Transients – Core Degradation) which is
under development by GRS.
At first the QUENCH test facility and the QUENCH test program in general are described. The test
conduct of the test QUENCH-03 follows as well as a description of the used codes ASTEC and
ATHLET-CD with the associated modeling of the test section.
The results of this calculation show that during the heat-up and transient phase both codes can
calculate bundle and shroud temperatures as well as the hydrogen production in good approximation to
the experimental data. During the quench phase and up to the end of the test only the oxidation model
PRATER of ASTEC simulates the hydrogen production very well, the other oxidation models of
ASTEC cannot calculate to some extent the measured amount of hydrogen. ATHLET-CD underestimates the integral amount at the end of the test. In the ASTEC calculations the temperatures during
the quench phase show qualitatively good results, only time delays on some elevations of the bundle
could be noticed. ATHLET-CD reproduces the thermal behaviour up to the first temperature
escalation very well, after that the temperatures are partly over-estimated. The time delay recognized
in the ASTEC calculations are seen as well.
The results of the integral code ASTEC emphasize that the calculation of QUENCH-03 is possible and
leading to good results concerning hydrogen release and corresponding temperatures. Because the
QUENCH-03 test was heated up with an electrical tungsten heater (non reactor typical) an electrical
resistance value for the calculations is needed. In the calculations with ASTEC the electrical resistance
value significantly differs to the recommended one. This has to be taken into consideration for blind or
pre-test calculations.
However ATHLET-CD calculates the temperatures in good approximation to the test, but underpredict the amount of produced hydrogen. Accordingly, the modelling of the Zr/H2O –reaction during
reflood might be improved and is under development.
1.

Introduction

Failure of the main and emergency cooling-systems can lead to an accident with severe core
degradation even with core meltdown. To prevent total meltdown of the uncovered and overheated
core reflooding with water is an unavoidable accident management measure. The fast supply of water
and the resulting increased available amount of steam can lead to crack formation and break up of the
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oxide layer of the fuel rods. The additionally exposed surface could result in an increased release of
hydrogen due to a supplementary exothermal zirconium-steam-oxidation reaction. Within the frame of
the QUENCH test-program realised by FZK loss of coolant accidents in LWR (Light Water Reactor)
are analysed using an experimental reactor core to determine the produced amount of hydrogen, the
so-called hydrogen source term. Additionally the behaviour of the bundle with different absorber rod
and cladding materials is being analysed.
Based on the post-test calculations of the QUENCH tests with the severe accident code systems
ASTEC and ATHLET-CD the capability of the codes can be established and evaluated. In the
following the post-test calculations of the QUENCH-03 test with ASTEC V1.3 and ATHLETCD 2.1A are discussed.
2.

QUENCH bundle tests

The QUENCH program was initiated at FZK in 1996 as a follow-up program of the former CORA test
series, which investigated the interactions of the materials in case of hypothetical severe accidents.
The main focus of the QUENCH tests lies on the analyses of the hydrogen generation especially
during the reflood, because in the CORA tests temperature escalations together with a high hydrogen
production were detected, but the mechanisms therefore were not fully understood at that time [1]. The
following chapter deals in general with the QUENCH facility at FZK and especially with the test
conduct of test QUENCH-03.
2.1.

QUENCH facility and test matrix

The QUENCH facility essentially consists of the out-of-pile bundle. This bundle includes
20 heated rods, 1 unheated central rod, which can be used for measurement devices or as a control rod,
as well as 4 corner rods. The 21 simulator rods have a length of about 2.5 m, while approximately 1 m
of the heated rods is electrically heated. For the experiment as well as for the calculations the
beginning of the heated length is defined as height 0 m (compare Figure 1). The tungsten heaters
(outer diameter: 6 mm) are surrounded by annular pellets made of ZrO2 simulating the fuel pellets,
which are bordered by Zircaloy-4 claddings (outer diameter: ~ 11 mm). The 21 rods and the 4 corner
rods are arranged in a 5x5 matrix (compare Figure 1). To be able to detect fuel rod failure, the heated
rods are filled with argon-krypton or helium, which can be detected by a mass spectrometer in the offgas pipe. The 4 corner rods made of Zircaloy are implemented for additional thermocouple
instrumentation as well as to enable the measurement of the axial oxide layer profile by withdrawal the
corner rods at different times during the test progress [1]. The bundle is surrounded by a shroud of
three layers, which is made of Zircaloy at the inner side (outer diameter: ~ 85 mm), followed by a
central ZrO2 insulation layer and a double-walled cooling jacket made of steel at the outer side, to
provide the encasement of the bundle and to simulate surrounding fuel rods in a real fuel element. The
whole test section with the shroud is encapsulated by a steel containment (Figure 1). Generally each
QUENCH test consists of different phases: Heat-up, pre-oxidation, which is optional and not used in
QUENCH-03, transient and a quenching phase, which means that the bundle is quenched by water or
cooled by saturated steam. Before the quench phase superheated steam and argon are injected at the
bottom of the facility as carrier gas to be able to transport and measure the reaction products from the
test section.
Until now 15 QUENCH tests were performed. A review of objectives and boundary conditions is
given in [2]. Two were performed with B4C control rods (CR), one with a AgInCd CR, all the others
used an unheated but instrumented fuel rod simulator. The latest QUENCH tests deal with the
behaviour of different cladding materials.
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Figure 1 Test section and bundle cross section of the QUENCH bundle [3]

2.2

QUENCH-03 test conduct

In the test QUENCH-03, the pre-oxidation phase can be neglected because at the beginning of the
transient phase the claddings should only be lightly oxidized with an oxide layer of approximately
30 µm as it is in the normal operation state of a pressurized water reactor (PWR). The progression of
the QUENCH-03 test can be seen in Figure 2.
The first phase of QUENCH-03 is the heat-up phase, where the bundle was heated by a series of
stepwise increases of electrical power from room temperature to approximately 900 K in an
atmosphere of flowing argon (3 g/s) and steam (3 g/s). To stabilize the test set-up the reached
temperature was hold for about 8000 s with an electrical power input of 3.75 kW. During this
stabilization phase, shortly before the end, the data logging was switched on. The transient phase
follows and started at about 900 s and lasted roughly 2600 s. The bundle was ramped from 3.75 kW at
0.42 W/s per rod to 18.4 kW giving an average temperature increase of about 0.4 K/s between 900 K
and 1400 K and about 1.6 K/s between 1400 K and 2070 K. At the end of the transient phase the
electrical power reached a value of about 18.4 kW and 30.1 MJ of electrical energy in total was put
into the system. Afterwards the thermocouples in the upper area of the shroud and upper bundle
elevations show the same behaviour, due to the exothermal zircon-steam-reaction that runs faster at
higher temperature levels. This reaction gave an additional energy input of 18.4 MJ into the system
from which 16.3 MJ was released during quenching. The thermocouples at 750 mm bundle elevation
detected a maximum temperature of over 2400 K causing a thermocouple failure at that elevation and
higher. Reaching the defined temperature of 2400 K inside the bundle at 2600 s led to the initiation of
the final quench phase, in which the reflood water was injected firstly at a high rate of 90 g/s for 25 s
to fill the lower plenum. With the initiation of reflooding the electrical power was increased from
18.4 kW to 44 kW to compensate the convective heat losses occurring due to the boiling of the
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inserted water at the hot structure material. At 2625 s the water injection rate was reduced to 40 g/s.
The water mass flow resulted in a local flooding rate at the bottom of 1.3 cm/s. After reaching the
maximum at 2627 s the electric power was reduced to 37.5 kW until 2747 s. During this period
substantial temperature escalations occurred in the upper bundle area so that the claddings and the
shroud collapsed at about 2627 s. Due to this collapse it came to melt formation and relocation which
results in an increase of the surface available for oxidation which resulted in an additional massive
hydrogen production. In the period from 2747 to 2762 s the electrical power was reduced from 37.5 to
4 kW to simulate the typical decay heat of a LWR [3].
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Figure 2 Progression of the QUENCH-03 test
3.

Code description

The simulation of the test QUENCH-03 has been done with the codes ASTEC and ATHLET-CD. The
integral code ASTEC is developed by IRSN in cooperation with GRS, since 1994 and allows the
calculation of the entire sequence of a severe accident in a light water reactor from the initiating event
up to the possible release of fission products into the environment, i.e. the source term, covering
important in- and ex-vessel phenomena. Fields of application of this code are probabilistic safety
analysis level 2 studies as well as accident sequence studies. The code is divided into several modules,
describing the behaviour of e.g. the thermohydraulic in the core (CESAR) or containment (CPA), the
core degradation (DIVA) or else the fission product release (ELSA) and transport (SOPHAEROS).
ASTEC has the opportunity to start different modules as stand-alone modules or in combination with
other modules. To analyse QUENCH-03 the module “Degradation In Vessel during Accidents”
(DIVA) is used. The DIVA module is based on the IRSN mechanistic core degradation code
ICARE2 [4].
The mechanistic in-vessel code ATHLET-CD is under development by GRS for the simulation of
design basis and beyond design basis accidents with core degradation in LWR. It enables the
assessment and the support of accident management measures by means of forecasting the sequences
of such events with adequate accuracy [5]. The code structure is highly modular in order to include a
manifold spectrum of models and to offer an optimum basis for further development [6], [7].
The ATHLET code is divided into five modules reflecting the main physical processes to be simulated
[8]. The CD part of ATHLET-CD mainly deals with the early and the late phase core degradation in
severe accidents [9].
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3.1

Input Modeling of the QUENCH-03 test

Figure 3 gives an overview of
the schematic representation of the
test-bundle in the ASTEC input
dataset. The sketch of the QUENCHfacility includes the rod bundle and
the shroud only. The rod bundle
contains one central unheated rod,
eight heated rods in the inner ring
and twelve heated rods in the outer
ring represented by respectively one
model with multiple parameters.
Each of the rods is combined out of
several macro-components, which
model the appropriate parts of the
rods. The macro-components for the
rods are hardly similar, just the
numbers in the macro-componentacronym varies. Inside the bundle
there are several grid spacers, which
are considered as macro-components.
This grid spacer may influence the
stream and heat transfer. The rod-like
element on the right side represents
the shroud which consists of a
zircaloy layer and five zirconia fiber
insulations. The bundle with the
shroud is encapsulated by a stainless
steel cylinder.

Figure 3 ASTEC Nodalization [10]

In ASTEC the argon and steam flow is modelled with one vertical channel of the type FLUIDGAS
which represents a two-phase channel. Both gases are upwardly injected at the bottom. The quench
water injected through the FLUIDGAS channel also, is modelled as STEAM instead of WATER, but
with the associated boundary conditions coming from the experimental data. When quench water is
injected, the argon flow injection is turned over from bottom to top and the steam flow is stopped.
The simulation with the mechanistic code ATHLET-CD is based like in ASTEC on an input deck,
which includes the specific properties of the facility components as well as initial and boundary
conditions. Concerning the modelling the main focus lays on the TFO (Thermo-Fluid-Object)
“BUNDLE”, which represents the main fluid channel through the bundle (compare Figure 4). The
upper and lower plenums are also modelled as TFOs, which are connected to the bundle. The 21 fuel
rod simulators are combined due to their position in the bundle and modelled as three HEAT objects
(RODs), which allows the simulation of structure failure and melting. Each ROD is coupled with the
“BUNDLE” and connected with each other. The four corner rods are not implemented in the input
deck, because they are needed for the measurement of the oxide layer only and do not significantly
influence the results. The shroud, the grids, as well as all other structures are implemented as heat
conducting objects (HECU). The inner side of the HECU object “SHROUD” is connected to the
“BUNDLE” and at the outer side the shroud is coupled with a fluid channel of the
secondary cooling system “JACKETTUBE”. While structure failure and melting can be simulated for
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the HEAT objects representing the rods, it is not possible to simulate the melting and failure of HECU
structures using ATHLET-CD.

Figure 4 ATHLET-CD Nodalization [11]
4.

Simulation Results

The calculation results depend on the used zirconium oxidation models and correlations given in
ASTEC and ATHLET-CD. Different simulations have been performed to analyse the behaviour of the
single oxidation models. For the ASTEC simulation the three oxidation models PRATER,
CATHCART and URBANIC are used. The models 15 from Cathcart and Prater/Courtright, 16 from
Cathcart and Urbanic/Heidrick as well as the model 19 from Leistikow and Prater/Courtright have
been chosen for ATHLET-CD. Subsequent the temperatures of the bundle as well as the hydrogen
generation are presented:
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4.1

Calculated Bundle Temperatures

The temperatures of the bundle, calculated with ASTEC and exemplarily given at one elevation in
Figure 5, are in very good agreement to the measured ones in the heat-up and transient phase. In the
quench phase the temperatures are calculated with a time delay to the experiment. Here ASTEC
calculates with the oxidation model PRATER only a temperature escalation which probably appears in
the quench test. The calculated temperatures reach up to approximately 3000 K which means, that the
material melts and relocates. At 2660 s the temperature decreases and reaches almost 400 K. The
temperatures of the other both oxidation models do not reach to some extent the measured
temperatures and descend immediately during flooding with quench water. This lower temperature is a
result of the missing oxidation reaction and with that the additional thermal energy.
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Figure 5 ASTEC cladding temperatures compared to the measured
bundle temperatures at 950 mm height
On the other heights the calculated temperatures show a comparable progression. The temperatures,
calculated with PRATER, show escalations at heights above 550 mm, too. At the height 550 mm there
is only one escalation which can be traced back to rivulets which flow down the bundle. Below this
height, the temperatures show approximately the same progression measured in the experiment. The
progressions of the other both oxidation models show above 550 mm no escalations and
approximately the same behaviour seen in Figure 5. At the heights where no relocation occurred in the
experiment (below 550 mm) a progression comparable to the experiment can be noticed. This
behaviour can be seen in the produced amount of hydrogen, as well (cp. Figure 7). Because the
QUENCH-03 test was heated up with an electrical tungsten heater (non reactor typical) an electrical
resistance value for the calculations is needed. In the calculations with ASTEC the electrical resistance
value significantly differs to the recommended one. The recommended value for the QUENCH-03 test
is about 4 mΩ for room temperature. This value depends on the various single resistances from the
materials used in the QUENCH-facility and was taken over for calculations with the SCDAP/RELAP5
code, used at the FZK, as well as for calculations with the integral code MELCOR and mechanistic
code ATHLET-CD [10], [11], [12]. However, for the simulation with ASTEC the electrical resistance
used is reduced to 0.29 mΩ to be able to simulate the physical behaviour of the facility. This has to be
taken into consideration for blind or pre-test calculations.
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The temperatures, calculated with the mechanistic code ATHLET-CD, are presented for the same
elevation (cp. Figure 6). Like ASTEC, the heat-up and transient phase is calculated in good agreement
to the measured results. In the quench phase ATHLET-CD calculates with all three oxidation models
escalations and high temperatures, but the calculated temperatures do not reach the measured ones.
The time delay recognized in the ASTEC calculations are seen as well. The other heights show a
deviating progression. Whereas the temperatures above 750 mm are underpredicted, the temperatures
below 750 mm are over predicted. This behaviour is shown using all three oxidation models.
For completeness, the thermocouple TFS 5/13 at an elevation of 950 mm fails some seconds before
the quench phase.
3000
ATHLET-CD Model 15

Transient phase

Quench begin

ATHLET-CD Model 16

2500

ATHLET-CD Model 19

Temperature [K]

Experiment TFS 5/13

2000
Heat-up phase

1500

1000

500

0
0

500

1000

1500

2000

2500

3000

Time [s]

Figure 6 ATHLET-CD cladding temperatures compared to the measured
bundle temperatures at 950 mm height
4.2

Hydrogen generation

In Figure 7 the hydrogen generation in the experiment, reduced by the amount resulting from elements
which are not considered in the codes, is compared with the simulated results. The measured amount
of hydrogen can be calculated with both codes in good agreement up to 2600 s [13]. At this time point,
simulations with ASTEC oxidation model PRATER and ATHLET-CD oxidation model 19 (Leistikow
and Prater/Courtright) show almost the same amount measured in the experiment. The calculations
with the other models slightly underpredict the mass of produced hydrogen. During the quench phase
the single oxidation models show huge differences in the results. Whereas calculations with ASTEC
oxidation model PRATER show nearly the same amount of hydrogen as measured in the experiment,
calculations with the other models from ASTEC as well as with the ATHLET-CD oxidation models
underpredict the measured amount of hydrogen. With the model PRATER, ASTEC calculates the
oxidation and with that the additional energy input very well. This has been seen in the calculated
temperatures, also, because the escalations are an indication for the additional energy input. With the
other models, namely CATHCART and URBANIC, ASTEC calculates just a slight oxidation and
energy input, which has been seen in the progression of the temperatures, too. This leads to the
underprediction of the amount of produced hydrogen.
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ATHLET-CD, which has calculated nearly the same temperatures with the used oxidation models,
underpredicts the hydrogen generation with all oxidation models used. The simulations with
ATHLET-CD oxidation models reach just a third of the measured amount of hydrogen.
120

ASTEC Model PRATER
ASTEC Model CATHCART
ASTEC Model URBANIC
ATHLET-CD Model 15
ATHLET-CD Model 16
ATHLET-CD Model 19
Experiment

100

Hydrogen [g]

80

60

Transient phase

Quench begin

Heat-up phase

40

20

0
0

500

1000

1500

2000

2500

3000

3500

Time [s]

Figure 7 Comparison of the calculated and the measured hydrogen generation
5.

Conclusions

The results of the simulation of the fuel rod bundle test QUENCH-03 show that a calculation of the
experiment is possible with both severe accident codes. The physical behaviour of the experiment can
be calculated qualitatively well from ASTEC oxidation model PRATER, because it reaches nearly the
measured amount of hydrogen and the calculated temperatures have almost the same progression seen
in the experiment. Both other ASTEC models show a deviating behaviour, because there is only a
slight oxidation and with that a low additional energy input. A possible reason for the calculation of
the low temperatures and with that the low amount of hydrogen may be insufficient oxidation
correlations for higher temperatures. Preliminary results of simulations with the latest ASTEC version
V2, show approximately the same results for the oxidation models CATHCART and URBANIC.
Additionally, for the ASTEC simulation with the version V1.3, it has to be taken into consideration for
blind or pre-test calculations, that the experiment was calculated with a deviating electrical resistance
value, which significantly differs to the one, used in other codes and suggested from FZK.
The temperatures calculated with ATHLET-CD show approximately the same progression noticed in
the experiment, but they are slightly underpredicted at the upper heights of the bundle and over
predicted at the lower heights. The calculated amount of produced hydrogen is during the quench
phase clearly underestimated with all three oxidation models used. This wasn’t expected due to the
calculated temperatures. During the quench phase the code calculates high temperatures which may be
affiliated to an oxidation reaction and with that an additional energy input. A possible reason for this
deviating behaviour may be the shroud oxidation, which is underpredicted due to the fact that shroud
failure can not be calculated. This means that new released oxidisable surfaces resulting from the
shroud failure can not be considered. Additionally, local effects of fuel rod melting being modelled as
a ring with the same thermal behaviour at one cross section, cannot be calculated in azimuthal but only
in radial direction. By varying parameters, related to the oxidation models, an increased amount of
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hydrogen could be calculated, but for the given simulation it was intended to use default values if
possible. Preliminary results of simulations with the latest ATHLET-CD version 2.2A show a
considerably higher amount of hydrogen, because the shroud and melt oxidation was improved, but
they still do not match the experimental data.
These results show in general for codes under investigation here a further demand for an improvement
in modelling the oxidation of severe damaged structures during a reflood scenario. But it has to be
considered as well, that the shroud and the electrodes are non reactor typical components, although
they can have a large contribution to the hydrogen generation in the experiments.
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