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A B S T R A C T

Russian VVER-type reactors are one of the most common used commercial reactors in the world. The validation 
of severe accident codes using experimental data is focused in core degradation both in-vessel and ex-vessel 
phenomena such as the QUENCH-12 tests performed at the Karlsruhe Institute of Technology (KIT). This step 
is needed before integral codes are applied to evaluate the behavior of VVER-plants under severe accident 
conditions. The main goal of the QUENCH-12 test was to evaluate the hydrogen generation resulting from the 
injection of cold quench water into an overheated and oxidized bundle of fuel rod simulators representing the 
VVER-fuel rods. Such phenomena are expected to occur during a severe accident sequence e.g. LOCA or as part of 
an accident management measure. This paper describes the investigations done to simulate the QUENCH-12 test 
using the ASTEC V2, which is developed by IRSN to simulate all physical and chemical phenomena during severe 
accident condition. A model of the QUENCH-12 test facility was developed for ASTEC first time taking into 
account the specific material data, geometry and boundary conditions. The evaluation of the results have shown, 
that ASTEC V2 is able to predict the main trends of key-parameters during the all test phases in good agreement 
with the measured data. The integral hydrogen generation is only over-predicted during the quench phase. As 
next steps, the model will be improved by taking into account the real material properties of the ZrNb-cladding 
typical of Russian reactors instead of the ones of Zr. Also the sensitivity studies regarding the electrical heater 
resistance will be carried out.   

1. Introduction

After nuclear accidents (like Three Mile Island, Chernobyl and
Fukushima), safety-related investigations have shown that both SAM- 
measures and severe accident codes must be improved and optimized. 
Another major outcome was the need off enhance the defense-in-depht 
(DiD) concept in nuclear power plants to assure the mitigation of severe 
accidents (OECD/NEA, 2013). Furthermore, NEA member countries 
conducted stress tests for all nuclear power plants with the focus on 
design-basis accidents and beyond-design-basis-accident situations 
(OECD/NEA, 2013). Indeed, many countries and regulators started to 
investigate severe accident cases for their own reactors to ensure public 
health, to enhance safety barriers and public health. Regulators imple
mented action plans for the implementation of necessary measures and 
severe accident management and they implemented new safety analysis 
and new concepts including stopping or delaying severe accident cases 
(BMUB, 2012; BMUB, 2014; Kymäläinen et al., 1997). Since VVER type 
reactors are being built in different places of the world, it is important to 

assess the safety features of this type of reactor and their behavior under 
severe accident conditions. In addition, the determination of hydrogen 
generation, oxidation and material relocation for VVER specified ma
terials is of great importance when discussing concepts for severe acci
dent management (SAM). Finally, benchmark activities has been started 
to assess the predictions capabilities of severe accident codes such as 
MAAP, MELCOR, ATHLET-CD/COCOSYS, and ASTEC regarding the 
estimation of the radiological source term (OECD/NEA, 2013). Also new 
benchmark applications are being developed to estimate radiological 
dispersion inside and outside the reactor pressure vessel (D’Auria et al., 
2008; Chatterjee et al., 2011; Gencheva et al., 2015) or containment 
(Kruse et al., 2014; Gonfiotti and Paci, 2018). 

The European severe accident code ASTEC (Accident Source Term 
Evaluation Code) is being developed to simulate entire severe accident 
sequence from the initiating state to the release of radioactive material 
to the environment (Chatelard and Reinka, 2009; Chatelard et al., 2014; 
Chatelard, 2016). Several projects like SARNET and CESAM are estab
lished to enhance capabilities of ASTEC and explore necessary upgrades, 
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2. Short description of the Quench-12 test

In the frame of the KIT QUENCH test program, the test section was
equipped with fuel rod simulators representing the fuel of VVER- 
reactors. In these tests, behavior during the loss of water inventory in 
the core, re-flooding of the uncovered cores, generation of hydrogen for 
different type of claddings and reactor types have been simulated and 
the main goal of the test program is to generate an extensive database for 
code development and validation (Seopold, 2001). 

The QUENCH-12 test is performed to study the behavior of a VVER- 
bundle under reflooding conditions and to compare it with the obser
vations done during the QUENCH-06 experiment, which represent fuel 
rods of western-type PWR (Sepold et al., 2004). 

The experimental data gained in QUENCH-12 was also used to 
validate other codes such as ATHLET-CD and SVECHA/QUENCH (Pal
agin and Stuckert, 2007; Georgiev and Stuckert, 2012). 

2.1. The Quench-12 test section 

A vertical cut of the QUENCH-12 test section is shown in Fig. 1. Test 
bundle is centered in system and surrounded with zirconia fiber insu
lation. Cooling jacket consists of three sections which are inner cooling 
jacket, outer cooling jacket and argon cooling between these jackets, and 
jacket is used as insulation for test bundle. Steam and argon flow from 
starting at bottom and exits system from upper head which includes 
mass spectrometer to measure generated hydrogen. Quenching water 
enters system at bottom section. Main goals of the test are investigation 
of the oxidation process of cladding during steam flow,which is sup
ported by steam-argon flow in test, and measuring hydrogen generation 
due to quenching from quenching process. 

In Fig. 2, a view of the test section with cooling jacket and insulation 
is exhibited. There, 13 unheated and 18 heated simulator rods are ar
ranged in triangles as is the case in a real fuel assembly of VVER- 
reactors. In addition, six corner rods made of Zr-1%Nb (E110) are 
located at the outer row of the test section to assure similar thermal 
hydraulic conditions for all rods. The rod pitch is 12.75 mm. and seven 

Fig. 1. QUENCH Facility, Containment and Test Section (Stuckert et al., 2008).  

Fig. 2. QUENCH-12 VVER fuel rod simulator bundle (cross section, top view) 
including rod group numbers (Stuckert et al., 2008). 

and NUGENIA, MUSA and CAMIVVER projects are being studied for 
state-of-the-art investigations. To achieve these, several validation and 
verification projects are implemented (Fichot et al., 2017; Belon et al., 
2017; Chatelard et al., 2017)(Gómez-García-Toraño et al., 2017). 
Currently, ASTEC is being modified for the modelling of spent fuel pools, 
new reactor designs and fusion facilities (Pietro Maccari, 2021; Coin-
dreau, 2018). 

At KIT, the ASTEC-code is being validated for the analysis of VVER- 
severe accidents in the frame of a doctoral thesis. It will be concentrated 
on the quantification of the radiological source term using a validated 
ASTEC–version and the follow-up estimation of the radiological conse-
quences using the KIT-code JRODOS. The first step of this work is the 
validation of ASTEC-2.1 with the QUENCH-12 experiment representing 
VVER-fuel rods. The main goal of QUENCH-12 test is to investigate the 
behavior of overheated VVER-fuel rod bundle which is quenched with 
cold water. The focus of the investigations is the high-temperature 
oxidation, the melt formation, relocation as well as the chemo- 
physical eutectic reactions. The reflooding of the overheated rod 
bundle leads to steam generation and to the oxidation of hot metallic 
surfaces in contact with steam e.g. fuel rod cladding, shroud inner sur-
face. As a result of it, hydrogen is generated not only due to the oxidation 
of the metallic surfaces but also of the molten material containing 
metals. The accurate prediction of these processes is very important to 
assess the vulnerability of the containment due to the risk of hydrogen 
combustion, even detonation, in a nuclear power plant after a severe 
accident (Henrie and Postma, 1987). However, the injection of cold 
water into overheated core as an SAM-measure may result in a rapid 
increase of the temperature and to an enhanced oxidation and hydrogen 
generation (Sehgal, 2012). 



• Phase 1: initial phase. During this phase, the test section is heated
for 1.5 h.

• Phase 2: stabilisation phase. It lasts for one hour in order to sta
bilize the bundle at around 600 ◦C

• Phase 3: heat-up phase. During this phase, the electrical heat is
increased step by step until 10 kW

• Phase 4: pre-oxidation phase. In this phase, oxidation takes place
at constant steam flow. At the end of this stage, the corner rod B is
ejected from bundle for observation.

• Phase 5: transient phase. The electrical power is increased rapidly
until 16.6 kW. At the end of this stage, corner rod D is taken out from
the test section.

• Phase 6: quench phase. The overheated test section is quenched
with 48 g/s. The electrical power is decreased to 4 kW, level corre
sponding to the decay heat.

2.2. Quench-12 modelling 

An ASTEC V2.1 model of the QUENCH-12 test includes three fluid 
channels represent the test section. In the first channel, a central rod 
(group 1) representing the unheated simulator rod and six heated 
simulator rods (group 2) are modeled. In Channel 2, 12 unheated 
simulator rods (group 3 and group 4) are represented and divided into 
two sections since their radial distances to center is different. In channel 
3, six corner rods and 12 heated simulator rods (group 5) are considered, 
as seen Fig. 7. Since model includes 3 channels, 3 radial meshing are 
used. Channel 1 is defined between 0 and 24.36 mm, radius of channel 3 
is between 24.36 mm and 37.11 mm and between 37.11 and 41.75 mm 
channel 3 is located. 

The materials of the simulator and corner rods are defined according 
to the ones used in the test. However, Zircaloy-4 is used instead of Zr-1% 
Nb (E110) for the cladding, corner rods, grid spacers and shroud since 
ASTEC does not have yet a material databank for VVER-specific mate
rials (Zr-1%Nb (E110) and Zr-%2.5Nb (E250)). In Fig. 8, the isomaterial 
distribution of the QUENCH-12 test as represented in ASTEC is shown. 
Model includes 5 main regions at different elevations. Elevations be
tween 0.425 m to 0.3 m is divided 4 meshes and this region has 
copper as material for heated rods. Between 0.3 to 0 m has molybde
num as material for heated rods and divide 5 meshes. Heated region is 
between 0 and 1.024 m of experiment and is divided 24 axial meshes. 
Elevation between 1.024 and 1.3 m is divided 6 meshes and elevation 
between 1.3 and 1.5 is divided 5 meshes. Heated region has been divided 
42.67 mm per mesh. 

The ICARE module in ASTEC has been activated to calculate thermo- 
physical changes during the transient. Different sets of models are 
activated to account for the key-phenomena going on as follows: 

Fig. 3. QUENCH-12 Test Bundle (Stuckert et al., 2008).  

Fig. 4. QUENCH-12 heated rod structure (Stuckert et al., 2008).  

spacer grids are distributed to hold all simulator rods along the active 
part. All spacer grids are made of Zr-1%Nb (E110). The heated simulator 
rods, as seen on Fig. 4., consist of a 4 mm thick tungsten heater, which 
are connected to molybdenum and copper electrodes at the end of each 
heated rod. The total heated length is 1024 mm. Instead of fuel pellets, 
the simulator rods are made of ZrO2 with a central hole. The bore size of 
the heated rods is 4.15 mm and 2.5 mm of the unheated rods, see Fig. 5. 
The Zr-1%Nb (E110) cladding thickness is 0.7 mm. The shroud sur-
rounds the test section and is made of Zr-2.5%Nb (E250). The space 
between the shroud and the inner cooling jacket cylinder is filled with 
ZrO2-fiber. Between the inner and the outer cooling jacket flows argon 
for cooling purposes. (See Fig. 3)  

The initial and boundary conditions used for the ASTEC-simulation 
were taken from the experimental procedure e.g. the electrical power, 
steam and argon flow, see Fig. 6. The quenching of the test bundle ini-
tiates at 7270 s. The different phases of the test (Stuckert et al., 2008), 
are listed hereafter:  



• Heat conduction:
• Conduction between ZrO2 and clad structures are considered.

Additionally, heated rods include conduction between electrical
heating element and ZrO2

• Conduction between shroud and insulation and between insulation
and cooling jacket is defined.

• Spacer grids conduction is defined.
• Argon at top of insulation region is defined as solid and conduction

is modelled according to its convection and radiation heat transfer.
• Thermal boundary for outer cooling jacket has been used.

• Heat transfer between the rods and the fluid in the test section:
DRACCAR code which allows to model thermochemical and me
chanical behavior of water-cooled fuel rods.

• Radiation between rods of the different rows in the test section and
between the simulator rods and the inner shroud surface are defined.

• Oxidation model: It starts at 600 K and the BEST-FIT correlation is
used (Volchek et al., 2004).

• Criterion for loss of integrity of the fuel rod simulators and spacer
grids:
• If the cladding temperature is larger than 2300 K and if the oxide

layer thickness is below 300 µm
• The cladding temperature above 2500 K.

The CESAR module covers thermal–hydraulic behavior in the vessel

Fig. 5. QUENCH-12 unheated rods and central rod structure (Stuckert 
et al., 2008). 

Fig. 6. QUENCH-12 phases and boundary conditions (Stuckert et al., 2008).  

Fig. 7. ASTEC model of QUENCH-12.  



and primary circuit. The flow of steam and argon has been modelled 
with this module to represent experiment. Additionally, quench injec
tion has been modelled with CESAR module. The power profile used in 
the modelling was represented on Fig. 9 and flow inside of the vessel was 
shown on Fig. 10. The external temperature boundary condition has 
been used on cooling jacket. 

3. Discussion of selected results

In this chapter, selected parameters that predicted by ASTEC V2.1
are compared with the measured data to evaluate the prediction capa
bility of the numerical code. Hence, a short summary of the measured 
data will be given first. 

3.1. Short summary of measured data of the test section 

From starting 250 mm to 1350 mm, system is divided 17 elevations 
with 100 mm array and thermocouples are located in those elevations. 

In the lower bundle region, i.e. up to the 550 mm elevation, NiCr/Ni 
thermocouples (1 mm diameter, stainless steel sheath 1.4541, MgO 
insulation) are used for temperature measurement of rod cladding and 
shroud. The thermocouples of the hot zone are high-temperature ther
mocouples with W-5Re/W-26Re wires, HfO2 insulation, and a duplex 
sheath of tantalum (internal)/Zirconium with an outside diameter of 
2.1 mm (Stuckert et al., 2008). However not all rods have thermocouples 
therefore temperature measurements for all rods at every elevation are 
not possible to use them comparison. Also some of thermocouples are 
failed before or during experiment. Additionally at every elevation, 
shroud temperature and cooling jacket temperatures are recorded in 
experiment. 

Hoses for steam, argon and quenching water have flowmeters to 
measure flow rate of fluent that are used in the bundle. These flowmeters 
has ∓ 0.7 g/s uncertainty. Mass spectrometer is used for measuring 
produced hydrogen in system. The integration of the hydrogen flux over 
the annealing time gives the amount of hydrogen extracted from the 
specimen. Also, a hydrogen detection system located in a bypass to the 
off-gas line downstream the condenser. 

Metallographic examination is done with RIAR (Research Intitute of 
Atomic Reactors (RIAR), 2019) and FZK (Karlsruhe Institute of Tech
nology (KIT), 2020) institutes. The RIAR and FZK were selected in this 
way that the bottom ones were investigated at FZK, and the top ones at 
RIAR. Oxidation of the claddings is estimated by the results of measured 
thickness of unoxidized claddings layer and the thickness of the formed 
zirconia and alpha zirconium layers, stabilized by oxygen by using a 
metallographic microscope (Stuckert et al., 2008). 

3.2. ASTEC V2.1 predictions of QUENCH-12 test 

From Figs. 11 to 20, the assessment of the predicted and measured 
cladding temperature in selected time represented. Selected time points 
are the beginning of transient which is at 6000 s and ejection of second 
corner rod at 7160 s, respectively. As seen from the figures, the trend is 
similar between test results and ASTEC estimations. Generally, over 
predicted temperatures were observed in the result which could lead 
higher hydrogen estimations. The slight decrease during the calculation 
was resulted due to spacer grid interaction but the affect was more 

Fig. 8. ASTEC isomaterial field distribution of QUENCH-12.  

Fig. 9. Established power profile for inner heated rods and outer heated rods.  



observable at temperatures on the inner rod claddings. 
The cladding temperature predicted by ASTEC V2.1 for the heated, 

unheated and corners rods as well as for the shroud at the elevation of 
950 mm is compared to the corresponding measured data. This elevation 
is the point where highest temperatures are recorded and indication of 
shroud and clad failures are detected. In Fig. 21and Fig. 22, the com
parison of the cladding temperature predicted for the inner heated rod 
(group 2) and outer unheated rod (group 3) are established with the 
measured data at 950 mm elevation. The same application is also done 
in Fig. 23 and Fig. 24 for the comparison of the outer heated rod (group 
5) and the shroud temperature predicted and measured at 950 mm

elevation. In the test, at around 900 m shroud failure was observed. Also, 
due to melting process occurred at 950 mm, the experimental temper
atures oscillate during the test. 

Fig. 25 and Fig. 26 represent oxide scale estimations and results of 
ejected corner rods at different times. These results are important in 
order to see how accurate the code estimates the oxide scale. The pre
dictions of the ASTEC code was close to the experiment but higher es
timations were observed at 6000 s especially at the highest temperature 
point. The estimation over the oxide scaled on corner rod at the 7160 s. 
is really close to the experimental results. 

In Fig. 27 and Fig. 28, the total hydrogen generation and the rate of 

Fig. 10. The steam, argon and quenching water flow rate during the simulation.  

Fig. 11. Temperature profile of cladding temperature of the inner heated rods 
(rod group 2) (ASTEC) versus experiment (Exp) at 6000 s. 

Fig. 12. Temperature profile of cladding temperature of the inner heated rods 
(rod group 2) (ASTEC) versus experiment (Exp) at 7160 s. 



Fig. 13. Temperature profile of cladding temperature of the inner unheated 
rods (rod group 3) (ASTEC) versus experiment (Exp) at 6000 s. 

Fig. 14. Temperature profile of cladding temperature of the outer unheated 
rods (rod group 3) (ASTEC) versus experiment (Exp) at 7160 s. 

Fig. 15. Temperature profile of cladding temperature of the outer unheated 
rods (rod group 4) (ASTEC) versus experiment (Exp) at 6000 s. 

Fig. 16. Temperature profile of cladding temperature of the outer unheated 
rods (rod group 4) (ASTEC) versus experiment (Exp) at 6000 s. 

Fig. 17. Temperature profile of cladding temperature of the outer heated rods 
(rod group 5) (ASTEC) versus experiment (Exp) at 6000 s. 

Fig. 18. Temperature profile of cladding temperature of the outer heated rods 
(rod group 5) (ASTEC) versus experiment (Exp) at 7160 s. 



Fig. 19. Temperature profile of the shroud (ASTEC) versus experiment (Exp) at 
6000 s. 

Fig. 20. Temperature profile of the shroud (ASTEC) versus experiment (Exp) at 
7160 s. 

Fig. 21. Measured (Exp) versus predicted (ASTEC) cladding temperature of the 
inner heated rods at the elevation of 950 mm. 

Fig. 22. Measured (Exp) versus predicted (ASTEC) cladding temperature of the 
outer unheated rods at the elevation of 950 mm. 

Fig. 23. Measured (Exp) versus predicted (ASTEC) cladding temperature of the 
outer heated rods at the elevation of 950 mm. 

Fig. 24. Measured (Exp) versus predicted (ASTEC) temperature of the shroud 
at the elevation of 950 mm. 



hydrogen generation at the end of transient was compared to the test 
data. Total hydrogen production estimated by ASTEC was about 83 g 
which 35 g is generated before quenching phase. This amount was 1.5 
times higher than the experiment which was measured as 58 g, during 
the re-flood 25 g was released (Stuckert et al., 2008). There it can be 
observed that ASTEC over-predicts the hydrogen generation during the 
pre-quench phases while the shape of both measured data and predicted 
data is similar. However, during quench phase, the hydrogen generation 
was far over-predicted by ASTEC. One explanation to it may be the 
higher hydrogen absorption of E110 and E250 (Hózer et al., 2008) 
(Hózer et al., 2005). Since these materials absorb more hydrogen, it 
would decrease produced hydrogen before quench phase. Higher tem
peratures at the quenching phase may result higher amount of hydrogen 
generation during breakaway phase. Furthermore, models for hydrogen 
release which are developed for Zr-4 could be insufficient to estimate 
breakaway oxidation parameters for VVER-related materials since the 
breakaway region is different for these materials. But a higher hydrogen 
production rate is predicted before quenching due to the lower hydrogen 
uptake of Zr-4. 

Fig. 29 and Fig. 30 represent oxide scale on heated and unheated rods 
and average of oxide scale in experiment data. Estimation for oxide scale 
at selected specimens is close to experimental average. From Figs. 31 to 

Fig. 25. Measured (Exp) versus predicted (ASTEC) oxide scale results for 
corner rods. 

Fig. 26. Measured (Exp) versus predicted (ASTEC) oxide scale results for 
corner rods. 

Fig. 27. Hydrogen generation in time.  

Fig. 28. Hydrogen production rate in time.  

Fig. 29. Oxide scale on heated rods against average oxide scale (Exp) for 
heated rods. 



34 show the oxidation profile of selected rod group at the end of 
experiment. The model calculates oxide scale starting from Zr and es
timates physio-chemical process of clad structures. As seen from figures, 
meltdown of materials was observed in model as in experiment. Zr and 
ZrO scales are depleted especially around 950 mm which is the location 
of break. In the experiment, the meltdown has been observed at 950 mm 
for each rod group which ASTEC estimated the meltdown of cladding 
surface at these elevations. 

Temperature profile results for all rod groups and shroud area is in 
great coherence with experiment. Estimation of higher temperature than 
experiment at 950 mm can lead to higher oxidation. Meshing of model at 
this elevation was not exactly on 950 mm, therefore, taking average of 
upper and lower meshes around 950 mm would create some differences. 
All curves show qualitatively similar global trends over all test phases. 
Since thermal properties of Zr-4 and E110 or E250 until the break-away 
phase are similar, it is expected to obtain temperatures close to experi
ment. The thermocouples attached to the cladding surface affect the 
flow area. Therefore, it should be noted that there are difference in 
temperatures measured in thermocouples at same elevation up to ∓80 K. 

The temperature difference between QUENCH-06 and QUENCH-12 
cladding temperatures were reported as 30–40 K so using Zr-4 instead 
of Zr-1%Nb and Zr-2.5%Nb can be the reason of decrease (Stuckert 
et al., 2008). Additionally, different material usage could lead 

Fig. 30. Oxide scale on unheated rods against average oxide scale (Exp) for 
unheated rods. 

Fig. 31. Thickness profile of inner heated rods.  

Fig. 32. Thickness profile of inner unheated rods.  

Fig. 33. Thickness profile of outer unheated rods.  

Fig. 34. Thickness profile of outer heated rods.  



4. Conclusions

In this work, QUENCH-12 experiment, which is oxidation and
hydrogen generation test of VVER specific materials Zr-1%Nb (E110) 
and Zr-2.5%Nb in severe accident conditions, is modelled with ASTEC 
integral code and results of estimations are compared with experimental 
results. Capabilities of ASTEC code were tested against the experiment 
and validation of ASTEC code for VVER reactors has been done. 

Based on the simulations performed with ASTEC V2 it can be 
concluded that the QUENCH-12 tests was satisfactorily analyzed despite 
the use of Zr-4 instead of the VVER-specific material used in the test for 
the cladding, the shroud and the corner rods. The generated hydrogen 
estimated as 83 g which 35 g of hydrogen are produced during 
quenching phase. In experiment of QUENCH-12, generated hydrogen 
measured as 58 g and 24 g of this measured at reflooding stage. This 
difference may be resulted from the lack of VVER-specific data (E110 
and E250 material) in the ASTEC-databank. The temperature of the 
simulator rods, shroud and corner rods at 950 mm elevation are in good 
agreement with the data. 

In the future, the temperature dependent thermo-physical properties 
for the specific material used in the test need e.g. E110 and E250 have to 
be used to improve the simulation results. It is worth to note that the 
oxidation models are developed based on tin enriched materials. How
ever, E110 and E250 is niobium enriched cladding materials with 1% 
and 2.5% of Niobium. This validation work also will be a milestone for 
further full-plant VVER analysis and severe accident modelling. 
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